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Abstract 
The global economic environment combined with the rapid pace of technology 
advancement is placing importance on reducing the size and cost of access to space 
systems. Based on decades of practical experience with rocket-only launch vehicles, 
current technology is operated close to theoretical limits and only marginal further 
improvement is possible. A possible solution is to include an airbreathing stage into the 
launch system architecture. Performance wise, airbreathing hypersonic engines such as 
scramjets have an advantage over rocket propulsion in terms of a significantly higher 
specific impulse in the hypersonic flight regime. A reusable airbreathing stage could 
contribute to an increase in payload mass-fraction by using scramjet propulsion over a 
meaningful proportion of the launch trajectory and provides the flexibility of aircraft-like 
operations while being inherently reusable.  
Researchers at the University of Queensland investigated the use of a three stage to orbit 
rocket-scramjet-rocket system for transporting small payloads into LEO. The second stage 
scramjet powered accelerator of this system was the subject of a series of Multi-
Disciplinary Optimisations (MDO) which involved flying complete trajectories.  Promising 
results were achieved however this work did not include the requirement for the vehicle to 
be pitch trimmed, which is an important aspect which must be addressed. 
The purpose of the investigation described in this thesis was to gain a better 
understanding of the impact that the second stage vehicle’s planform has on the pitch trim 
of the vehicle. This was addressed through a numerical study utilising and expanding on 
the capabilities of the MDO system developed by Jazra (2010) by: 
i) Defining a more realistic mission of delivering small satellites up to 500 kg into a 
Sun Synchronous Orbit of 566.89 km altitude suitable for several earth science 
missions. 
ii) Increasing the fidelity of the MDO system to enable an accurate estimate of the trim 
drag. This included refining the vehicle mass model and aerodynamic module 
updates such as introducing a 2-D aft body exhaust expansion model plus 
elevon force and pitching moment inclusions. 
iii) Introduction of new vehicle planform characteristics that can be optimised for their 
effect on trim.  
iv) Introduction of a high dynamic pressure stage separation and trajectory simulation 
of the third stage rocket. 
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Through careful selection of vehicle geometry parameters and ranges to give the system 
enough freedom to allow for the inclusion of pitch trim effects the optimisation system was 
used to identify the key planform parameters that impact on the trim of the vehicle. This 
process revealed important design and performance characteristics of the airbreathing 
hypersonic accelerator design. The vehicle was optimised for maximum flight Mach 
number, payload mass fraction, equivalent effective specific impulse and minimum flight 
averaged absolute pitching moment. It showed that in an integrated three stage to orbit 
system, the mass and the final stage velocity of the airbreathing stage plays equally 
important roles and that it is important to use the stages only where they have a 
performance advantage over the other stages. This work indicates that the scramjet stage 
contribution is the best when it accelerates and lifts a heavy 3rd stage to around Mach 9.4.  
It was demonstrated that the forebody and the boat tail had the largest impact on the 
pitching moment of the airbreather. The wing contribution was dependent on its centre of 
pressure location relative to the centre of gravity position of the vehicle. Engine size and 
integration had a large impact on the vehicle design affecting the pitching moment through 
thrust production but also a vehicle planform change. The best performance was obtained 
by matching the vehicle’s aerodynamic, pitch and propulsive properties to the flight 
trajectory to enable high net specific impulse over a large Mach range. The results 
emphasized the importance of including the trajectory into the MDO design approach. 
A performance objective called the Airbreathing Space Access Performance Parameter 
was identified that was meaningful to a small scale access to space airbreathing stage. 
This parameter maximised the airbreathing stage’s performance in terms of equivalent 
effective specific impulse and payload mass into orbit. Therefore it accounts for payload 
mass into orbit as well as for trim drag, as part of overall vehicle drag. It was found to be a 
useful optimisation objective parameter for the design of a hypersonic accelerating 
airbreather as part of a multi stage space access system. The vehicle showed strong 
performance accelerating a heavy 3rd stage to a Mach number of 9.45 and delivering 
387.4 kg into the desired orbit representing a payload mass fraction of 1.46 %.   
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CHAPTER 1 
 
Introduction 
 
Thesis title: “Multidisciplinary Design and Optimisation of a pitch trimmed Hypersonic 
Airbreathing Accelerating Vehicle” 
 
The global economic environment along with the rapid pace of technology advancement is 
changing the requirements of current and future space-access systems. Due to the rapid 
development of micro-scale, low power electronics, satellites that were many thousands of 
kilograms, now weigh just hundreds of kilograms. This is in contrast to the late 20th century where 
bulky multi-experiment satellites with long lifespans led to the development of large launch 
systems. Fortunately the reduced size does not necessarily result in reduced capability. A recent 
study has shown that due to advancements in technology small satellites at lower altitude have 
comparable or higher capability than larger satellites but at a potentially much lower cost (Shao et 
al., 2014). It is suggested that reduced scale and increased responsiveness will become important 
aspects for future space access systems.   
The reduced cost and faster development time of small satellites allows for a quicker turnaround 
of technology. For example the X-Series satellite platform, from Surrey Satellite Technology Ltd, is 
designed for responsive space claiming a time frame of only 6 months to design, build and test a 
cost effective microsatellite (Kenyon and Stanton, 2014). Furthermore, the quick turnaround and 
reduced cost makes it acceptable for small satellite designs to embrace the reduced lifetime from the 
lower orbits due to the increased atmospheric drag (Bacon and Olivier, 2014). The reduced size 
combined with lower altitudes is ideally suited for responsive Earth observation missions such as 
the NovaSar which is focused on the application of maritime and forestry observation and 
monitoring (Hawkins et al., 2014). It is a small satellite of 450 kg mass in a Sun Synchronous Orbit 
(SSO), a special class of polar orbit that has many desirable traits for Earth observation missions 
(Boain, 2004). It is a combination of the faster turnaround of technology, the reduced size and lower 
orbit altitudes that are contributing to an industry demand for dedicated and responsive small launch 
systems.  
Large rocket based expendable launch systems lack the responsiveness that will be desired by 
the small scale space community in the future. Smaller satellites can be grouped together to be 
launched on a large rocket, but this limits the desired flexibility. For example, how quickly can a 
small satellite be launched once it is build and ready or does the customer have to wait until the 
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launch is fully booked as per ride share providers? Furthermore, the current costs for launching 
small payloads (<500 kg) are at least a factor of three greater than large payloads on a per kilogram 
basis, due to the reduced structural efficiency of smaller rockets. Based on decades of practical 
experience with rocket-only launch vehicles, current technology is operated close to theoretical 
limits and only marginal further improvement is possible.  A technology shift to reusable systems 
with an air-breathing propulsion component presents as an attractive solution for the launch of small 
satellites (Bowcutt and Smith, 2012). 
1.0 Research context and motivation 
Airbreathing alternatives to rockets for space access have been studied for many decades 
(O’Neill et al., 1999). Performance wise, airbreathing hypersonic engines such as scramjets have an 
advantage over rocket propulsion in terms of a significantly higher specific impulse in the 
hypersonic flight regime (Kerrebrock, 1992). In contrast to conventional rockets that carry separate 
tanks for both fuel and oxidizer, airbreathing scramjet-powered systems carry the fuel only, 
capturing atmospheric oxygen for combustion.  An additional benefit of airbreathing propulsion for 
access to space is increased launch flexibility, such as shorter time to rendezvous with a target 
spacecraft, increased launch window duration, and increased number of rendezvous opportunities 
(Flaherty et al., 2010). These benefits are obtained through the throttling of airbreathing propulsion, 
plus the aerodynamic turning and pitch control available from a high L⁄D vehicle. The benefits of 
these aircraft-like operational characteristics for space access missions were recognised by 
designers in the late 80s and early 90s with concept vehicles such as the German SÄNGER project 
(Hoegenauer and Koelle, 1989). This Space Transportation System was a large 2 Stage to Orbit 
(STO) system with a gross mass of 336,000 kg designed for horizontal take-off and landing from 
conventional airfields. However, development cost of such a large scale system in combination with 
unproven technology, in terms of practical applications of hypersonic airbreathing propulsion, 
resulted in the termination of the project in favour of the Ariane 5 rocket based system (Hirschel 
and Weiland, 2009).  
Recent scramjet flights, such as NASA’s Hyper-X (McClinton, 2006), the US Air Force X-51 
(Hank et al., 2008) and the Joint Australian/USA HIFiRE Program (Bowcutt et al., 2012) have 
given impetus to the practical application of airbreathing propulsion to hypersonic flight. The 
Hyper-X vehicle used gaseous hydrogen fuel and flew for 10 seconds at both Mach 7 and Mach 10 
in 2004.  In four flights between 2010 and 2013, the X-51 vehicle flew for extended periods under 
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scramjet power using a liquid hydrocarbon fuel.  The most successful of the X-51 flights achieved 
240 seconds of flight between Mach 4.8 and 5.1.  The final flight of the HIFiRE Program, HIFiRE 
8, currently scheduled for 2018, plans to fly for 30 seconds at Mach 7 using gaseous hydrogen fuel 
(Alesi et al., 2015).  All these flight tests have indicated that the theoretical advantages of scramjets 
over rockets can indeed be realised. 
The maturation of scramjet technology has not gone unnoticed and numerous new concept 
vehicles, utilising airbreathing vehicles for space access, have recently been proposed. Some 
examples are the Quicksat system (Bradford et al., 2004) and the Small Launch Vehicle (SML) 
concept (Bowcutt and Smith, 2012). The SML is a 3-STO system utilising a carrier vehicle such as 
the White Knight for horizontal take-offs with a mission goal of 45 kg into Low Earth Orbit (LEO).   
It is the aim of this work to expand upon the research conducted at The University of 
Queensland to date on the use of a 3-STO rocket-scramjet-rocket system for transporting payloads 
of approximately 100 kg to LEO (Jazra and Smart, 2009; Jazra, 2010). In these studies a 
conventional rocket 1st stage was used to boost the vehicle to the point of scramjet ignition at Mach 
6. The reusable second stage was based on a winged-cone vehicle and powered by a near-term 
Mach 6-12 3-D scramjet using hydrogen fuel.  The final stage was deployed upon scramjet 
shutdown, using a conventional liquid-fuelled rocket motor to place the payload into orbit.  The 
second stage scramjet powered accelerator of this system, shown in Figure 1.1.1, was the subject of 
a Multi-Disciplinary Optimisation (MDO) which involved flying complete trajectories.   
 
Figure 1.0.1: 3 views of scramjet accelerator as part of a 3-stage access-to-space system for small satellites to LEO 
from Jazra et. al. 2013. 
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Payload mass fractions of the order of 2% were obtained; a value that compares very favourably 
with rocket based systems of the same scale (Jazra et al., 2013). A promising result, however 
limitations of this work included having a fixed 3rd stage mass of 1000 kg, not modelling the 3rd 
stage trajectory, only optimising the 2nd stage vehicle for final Mach number irrespective of other 
performance criteria, and not including the requirement for the vehicle to be pitch trimmed. These 
are important aspect which must be addressed. 
In preliminary vehicle design studies vehicle trim is often left to the later stages of vehicle 
optimisation and is seldom considered as a primary focus alongside other design factors such as 
engine/airframe integration. However, as shown by Bowcutt (2001), by optimising all of a vehicle’s 
parameters individually, the performance was actually reduced by 5% compared to the baseline 
vehicle's performance. It was found that the primary cause of the lower performance was the 
increase in drag, through 'trim drag', due to the large elevon deflection required to trim the vehicle. 
Furthermore, preliminary flight vehicle optimisations are often conducted at a single operating 
condition. This may be justified for a Hypersonic Cruising Airbreathing Vehicle (HCAV) which will 
fly at that condition for the majority of its mission. But Hypersonic Airbreathing Accelerator 
Vehicles (HAAVs) experience large changes in Mach number and angle of attack during flight. A 
study by Starkey & Lewis (2001) has found that by taking a single operating point optimised 
vehicle and then sizing the control surfaces required for trimmed flight, the result was undesirable 
magnitudes of restoring control forces and increased drag by as much as 100%. It is recommended 
that misleading results can be avoided by considering the vehicle trim along a trajectory as a 
constraint on the optimisation process. This is especially true for a HAAV as large elevon 
deflections will result in large trim drag, which will have a negative impact on the net thrust 
available for acceleration. This highlights the need to explore and gain a thorough understanding of 
vehicle characteristics that have the largest effect on the pitch trim aspects of the vehicle. 
There are many factors impacting on the pitch trim of a HAAV. The main contributors are 
(McRuer, 1991): 
• The aerodynamic force distribution on the vehicle. 
• The engine moment due to internal thrust generation. 
• The moment due to exhaust gas expansion on the external nozzle. 
• The location of the centre of gravity. 
As the vehicle progresses along the flight trajectory the sum of the above moments needs to be 
equal to zero if the vehicle is to be longitudinally trimmed. Typically trim is achieved by using the 
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wing flaps, known as elevons, to restore the pitching moment to zero (Hirschel and Weiland, 2009). 
This is because it is easy to alter elevon deflections. In contrast, once the vehicle’s planform (i.e. the 
vehicle’s geometry, also known as outer mold line) and centre of gravity is set it is not practical to 
alter it in order to trim for pitch along a trajectory. It is also not desirable to throttle the engine in an 
accelerating vehicle as maximum engine performance is desired; therefore the pitching moment 
cannot be trimmed for by altering any of the factors above. This highlights the need for a thorough 
understanding of the effects that the vehicle’s planform has on the trim, as once set it is difficult to 
alter. By studying the trim effects of the vehicle planform a better understanding of the physics 
behind vehicle design is gained rather than a secondary approach of changing the centre of gravity 
location or relying on elevons for the majority of trim. This study will focus on a 3-DOF pitch 
trimmed analysis, meaning that only longitudinal dynamics will be investigated. 
1.1 Aim of thesis 
The purpose of the investigation described in this thesis is to develop and apply a MDO system 
for the design of a pitch trimmed HAAV in order to gain a better understanding of the impact that 
the vehicle planform has on the pitch trim of the vehicle. This will be accomplished under the 
overarching goal of developing a 3-STO system targeted at delivering small satellites to an orbit 
suitable for Earth observation missions such as the NovaSar project. Therefore the general aim of 
this thesis is to answer the question: 
 
What impact does the requirement to be pitch trimmed along a trajectory have on the design and 
performance of a hypersonic airbreathing stage that forms part of a 3-STO system to deliver small 
payloads into an Earth observation orbit? 
 
This is addressed through a numerical study utilising and expanding on the capabilities of the 
MDO system developed by Jazra (2010), by: 
i) increasing the fidelity of the HAAV vehicle model to enable an accurate estimate of the 
trim drag  
ii) introduction of new vehicle planform characteristics that can be optimised for their effect 
on trim 
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iii) introduction of a high dynamic pressure stage separation and trajectory simulation of the 
third stage to the optimisation system 
 
 The updated optimisation system is used to identify the key planform parameters that impact on 
the trim of the vehicle, by careful selection of vehicle geometry parameters and ranges to give the 
system enough freedom to allow for the inclusion of pitch trim effects.  This allows the designer to 
use the MDO environment to develop an understanding of the impact that the vehicle planform 
parameters have on the trim and performance of the vehicle along the desired mission profile. It is 
important to note that the vehicle’s planform influences other design aspects, such as thrust 
production for example, therefore it is important to study the influence that the planform will have 
not only on trim but also the overall performance of the vehicle. Hence the requirement for a MDO 
methodology. 
 
1.1.1 Research	questions		
The development of a hypersonic vehicle, especially as part of a small satellite launch system, is a 
very broad topic. The purpose of the following research questions is to guide the work in this 
document towards accomplishing the aforementioned aim. These questions are: 
 
What are the performance objectives that are meaningful to a small scale access to space 
airbreathing stage, i.e. how do you quantify the performance?  
For any optimisation study it is paramount to understand what needs to be optimised. Naturally 
from a pure payload delivery standpoint it is intuitive to think that the individual stage delta 
velocities are what is most important. But in a realistic application this may not be the case. 
Previous work by Jazra (2010) found that to optimise for the highest final Mach number of the 
airbreathing stage was not necessarily the best solution. It was found that the mass of the vehicle, 
amongst other factors, was just as important. In this study a number of performance objectives will 
be investigated and optimised in order to gain a better understanding of how the performance of the 
HAAV impacts on the overall performance of the 3-STO launch system. This process will also 
reveal the pitch trim characteristics of the vehicle when optimised for each of the identified 
performance parameters across an accelerating trajectory and how the pitch trim impacts on the 
7          Chapter 1  Introduction 
 
 
performance of the scramjet powered stage as part of a small scale access to space system, where 
small scale is defined as a system being capable of delivering payloads up to 500 kg into orbit. 
 
What are the key planform parameters that impact on the pitch trim of the vehicle and what 
effect do these parameters have on the pitch and performance of the vehicle along a constant 
dynamic pressure accelerating trajectory?  
By carefully defining the vehicle’s planform with key geometry parameters, along with sensible 
ranges and limits, the MDO based approach can help identify the key parameters that affect the 
pitch trim and performance of the vehicle.  
 
What are the planform characteristics of a HAAV that need to be optimised for minimum 
integrated trim drag? 
Trim drag (the drag contribution from the elevons when used to trim the vehicle for zero pitching 
moment) can be significant, and can ideally be reduced by setting the vehicle planform to a shape 
that requires minimum elevon trim across the entire mission. How does the performance of such a 
vehicle compare to that of vehicles optimised for other performance objectives such as maximising 
the payload per gross mass fraction (at lift off) to orbit? This will help assess just how large a role 
pitch trim plays in the performance of a HAAV in an access to space application.  
1.2 Organisation of Thesis 
The main body of this work is organised into eight Chapters. The following section highlights the 
information presented in the remaining Chapters.  
 
Chapter 2 - Background and Literature Review 
This Chapter will begin with an introduction into space launch systems. It will highlight the desire 
for dedicated small launch systems, as well as modern day mission profile requirements such as 
flexibility and responsiveness. An overview of Scramjet technology and why it could be useful for 
such launch systems will be given followed by some important aspects of hypersonic vehicle 
design. The Chapter will conclude with an overview of longitudinal pitching moment of hypersonic 
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flight vehicles drawing attention to the trim and control of such vehicles along an ascending 
accelerating flight trajectory and the design methodology of such vehicles. 
 
Chapter 3 - Reference Mission Profile 
To evaluate the performance of the proposed launch system a realistic and practically applicable 
mission profile is required. This Chapter documents the rationale behind the chosen mission profile 
of delivering a payload of up to 500kg to a Sun Synchronous Orbit of 566.89 km altitude. First a 
brief overview will be given on some important small satellite mission requirements. This will be 
followed by a description of the key orbit aspects and classes of orbits available. The Chapter will 
conclude with a summary of the chosen mission profile. 
 
Chapter 4 - Vehicle Optimisation System 
This chapter presents the MDO system developed to optimise the 2nd stage airbreathing accelerator. 
First an overview of the optimisation system will be given, followed by a description of the 
individual modules, particularly drawing attention to the updates that were made for this study. In 
order to investigate the impact of pitching moment trim of the 2nd stage vehicle along a trajectory 
some sections of the optimisation system have been upgraded from a fidelity level 1 to 2 as defined 
by NASA’s Integrated Design and Engineering Analysis Environment (Robinson, 2011). This 
included the introduction of longitudinal trim, the selection of key vehicle geometry design 
parameters that would impact on the longitudinal trim, refining the vehicle mass model, and 
aerodynamic module updates. A description of the trajectory modelling for each of the three stages 
of the launch system will be given. The Chapter will conclude with the chosen optimisation 
performance objectives investigated in this study. 
 
Chapter 5 - Baseline Vehicle 
In this Chapter the baseline second stage hypersonic accelerating vehicle will be introduced. This 
vehicle will be used for comparison purposes in the optimisation section (Chapter 6). A description 
of the vehicle geometry will be given along with a detailed system and mass breakdown. The 
performance of the vehicle will be assessed using the MDO system introduced in Chapter 4. This 
will include a trajectory simulation as well as a drag and pitching moment breakdown. The Chapter 
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will conclude with the analysis of the 3rd stage trajectory following the payload all the way to the 
desired insertion orbit. 
 
Chapter 6 - Optimisation of the HAAV vehicle 
This Chapter will present the vehicle optimisation results for each of the performance parameters as 
given in Chapter 4. A short overview of the optimisation process will be given followed by the 
optimised vehicles and their respective performances. A brief description of the vehicle will be 
given and performance will be analysed through trajectory simulation data. An overview of the drag 
breakdown will be given and the trim performance will be analysed.  
 
Chapter 7 - Conclusions 
Concluding remarks will be made regarding the outcomes and findings of this work.  
 
Chapter 8 – Recommendations 
This chapter will outline the recommendations for future work.  
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CHAPTER 2 
 
Review of Literature 
 
This Chapter will begin with an introduction into space launch systems. It will highlight the desire 
for dedicated small launch systems, as well as modern day mission profile requirements such as 
flexibility and responsiveness. An overview of Scramjet technology and why it could be useful for 
such launch systems will be given. Followed by some important aspects of hypersonic vehicle 
design. The Chapter will conclude with an overview of longitudinal pitching moment of hypersonic 
flight vehicles drawing attention to the trim and control of such vehicles along an ascending 
accelerating flight trajectory and the design methodology of such vehicles. 
 
2.0 Space launch systems 
Space access would not be possible if it were not for the pioneering work in the beginning of the 
20th century by men such as Robert Goddard in America and Wernher von Braun in Germany. 
Goddard flew his first liquid fuelled rocket for 2.5 seconds in 1926 using liquid oxygen and 
gasoline for fuel. Meanwhile the Germans were developing rockets of their own and most 
noticeable was the work by von Braun with his A-4 rocket; It is the A-4 that would become the 
basis for the well-known war time V-2 rocket. Following World War 2 von Braun continued rocket 
development in North America where he was a key contributor in the space race between America 
and Russia (Macinnis, 2003). Russia was first to send a man (Yuri Gagarin) into space with the 
Vostok spacecraft on April the 12th 1961, however America ultimately won the race to place man 
on the moon with the now famous Apollo missions (Isakowitz, 1995). The technology to access 
space was available. And soon an industry developed around the existing large scale rockets to 
design and manufacture equally large satellites and experiments. 
In more recent times the global economic environment, combined with the rapid pace of technology 
advancement is placing importance on reducing the cost and increasing the responsiveness of access 
to space systems. The market for small satellites is growing.  A recent survey of small satellite 
launches by SEI covering satellites between 1 and 50 kg listed 158 launches in 2014, a 72% 
increase over 2013 (Buchen, 2015).  Figure 2.0.1 shows this data along with a projection to 2020 
indicating approximately 400 launches in 2016 and close to 550 by 2020.  In 2014, more than 2/3 of 
the satellites were commercial, and 65% were for earth observation.  The Aerospace Corporation 
have produced a similar survey of small satellite launches between 2009 and 2013 (Richardson et 
al., 2015). 
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Figure 2.0.1: Survey of small satellites with mass between 1 and 50 kg taken from Buchen (2015). 
 
At this time most small satellites launches are reliant on ride share services such as those supplied 
by Spaceflight (Spaceflight, 2016). Companies such as Spaceflight sell spare capacity on upcoming 
large launches for which the orbit altitude, orbit inclination and launch date is set by the main 
customer.  The small satellite operator has no control over the launch, a situation that is not very 
satisfactory for either commercial or scientific activities.   The current costs for launching small 
payloads in this way are between US$ 30,000 and 50,000/kg (Spaceflight, 2016). Thus there exists 
an significant opportunity for dedicated launch of small satellites that will enable increased 
flexibility and responsiveness for the small satellite community.   
Numerous companies are planning to meet this demand, for example JAXA’s Epsilon rocket 
(JAXA, 2014) and more recently Rocket Lab’s Electron rocket (Rocketlab, 2015), however none 
have proposed the use of a reusable launch system. The introduction of new commercial players 
such as Space X, known for the Falcon 9, has increased the organisational efficiency of space 
launch with a flow-through reduction in costs (SpaceX, 2016).  But the fact remains; throwing away 
a significant portion of your launch system each time you fly will always be inherently expensive. 
Key changes in technology are needed to improve the cost and responsiveness of space access. A 
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technology shift to reusable systems with an air-breathing propulsion component may be the best 
solution for the launch of small satellites (Bowcutt and Smith, 2012).  
A substantially re-usable system will decrease costs if the technology is right and minimal 
refurbishment is needed after each flight.  In addition, introduction of an air-breathing facet to space 
launch, and therefore higher performance and aircraft-like operations, will remove the rigidity of 
fully rocket based systems in terms of orbital inclination, time to rendezvous and safe abort. 
One methodology that addresses the flexibility of space access is air-launch.  Many concepts 
involving this idea have been proposed in recent years (Chen et al., 2001; Talbot et al. 2009). These 
systems take-off from a runway, typically fly to high subsonic speed and approximately 10 km 
altitude, and release a multi-stage rocket in the desired direction.  They can also return to a base if 
problems occur, or manoeuvre around bad weather.  The main advantages of introducing air launch 
are, (i) lifting the rocket stage above the lower atmosphere (reducing drag and heating), and (ii) 
increasing launch flexibility.  In terms of energy, the subsonic launch speed and 10 km altitude do 
not substantially contribute to the required delta-V of the system, so the overall payload mass 
fraction is relatively unchanged by air launch. Another option is to use alternate technologies where 
they have performance benefits over other technologies. 
 
2.1 Alternative Technology for launch systems 
Based on decades of practical experience with rocket-only launch vehicles, current technology is 
operated close to theoretical limits and only marginal further efficiency improvement is achievable. 
To further improve the efficiency of access-to-space vehicles, new propulsion systems will be 
required. Airbreathing engines, and scramjets in particular, are considered the most promising 
alternative (Cook and Hueter, 2003). A performance indicator frequently used for aerospace 
propulsion is the specific impulse (Isp), it gives the impulse per unit fuel consumed by the engine 
(Kerrebrock, 1992). As seen in Figure 2.1.1 for the speed range of Mach 6 to around Mach 15 
scramjets have a performance advantage over rockets. 
Due to the higher Isp over that of other propulsion units at high Mach numbers scramjet propulsion 
can bring significant performance increases for atmospheric accelerating vehicles (Heiser and Pratt, 
1994). The concept of using a scramjet engine for access to space applications is not new, in fact it 
was first proposed as early as 1961 (Billig, 1997). Since then various design concepts have been put 
forth ranging from single stage to orbit vehicles, such as the StarRunner project (Biltgen et al., 
2004), to multi stage to orbit systems such as the QuickSat project (Bradford et al., 2004). The two 
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most promising projects were America’s National Aero-Space Plane NASP (Barthelemy, 1989) and 
Germany’s SÄNGER (Hoegenauer and Koelle, 1989) during the late 80s and early 90s. These were 
highly ambitious projects that started off strong with a significant amount of research carried out 
but unfortunately unforeseen technology hurdles and lack of funding ultimately lead to the 
cancelation of both these projects.  The technology in fields such as material science, guidance 
navigation and control, engine development and integration, and numerical/experimental methods, 
still needed to advance to a level where these vehicles could become a reality. 
 
 
Figure 2.1.1: Specific Impulse for different propulsion systems. Image from Hirschel and Weiland (2009). 
 
In an effort to continue technology development, NASA undertook the Hyper X program in the late 
1990s (McClinton et al., 1998). The primary goal of this project was to validate computational and 
experimental design techniques in a series of flight experiments. During the same time period 
another research group demonstrated supersonic combustion in a ﬂight experiment with HyShot II 
(Paull et al., 2002). Scramjet technology was slowly maturing and the successful experimental 
flights by NASA’s Hyper-X and the US Air Force X-51 have given impetus to the practical 
application of airbreathing propulsion to hypersonic flight (McClinton, 2006; Hank et al., 2008). 
Furthermore, the HIFiRE Program, a joint Australian/US program for the development of sustained 
hypersonic flight involves 9 flights of increasing complexity (Bowcutt et al., 2012).  The final flight 
(scheduled for 2019) of an autonomous hypersonic vehicle that will fly at Mach 7 for more than 30 
seconds (Figure 2.1.2) will include significant use of high temperature composite materials, 
15          Chapter 2  Review of Literature 
 
enabling the vehicle to fly with a “hot” structure.  All these flight tests have indicated that the 
theoretical advantages of scramjets over rockets can be realised. 
 
 
 
Figure 2.1.2: HIFiRE 8 Autonomous vehicle. Image from Bowcutt et al. (2012).   
 
The maturation of scramjet technology has not gone unnoticed and numerous new concept vehicles, 
utilising airbreathing vehicles for space access, have recently been proposed. Some examples are 
the Quicksat system (Bradford and Eklund, 2004) and the Small Launch Vehicle (SML) concept 
(Bowcutt and Smith, 2012). Another promising option for small launch is to use a 3-stage rocket-
scramjet-rocket system thereby introducing both a reusable component and an airplane like mode 
into the launch equation. 
 
2.2 Rocket-SCRAMjet-Rocket launch system 
A preliminary study by Smart and Tetlow (2009) investigating the use of a 3 stage rocket-scramjet-
rocket system to launch 100kg payloads to Low Earth Orbit (LEO) indicated that including an 
airbreathing stage into the launch system architecture could improve the performance in terms of 
payload into orbit significantly. The study used  a conventional rocket 1st stage to boost the vehicle 
to the point of scramjet ignition at Mach 6. The scramjet second stage then accelerated from Mach 6 
to Mach 11.6. The reusable second stage was based on a winged-cone vehicle (WCV) powered by 
near-term liquid hydrogen fueled RESTM12  3-D scramjets (Suraweera and Smart, 2009). The final 
stage was deployed upon scramjet shutdown, using a conventional liquid-fuelled rocket motor to 
place the payload in LEO.  The airbreathing stage contributes to an increase in payload mass-
fraction by using scramjet propulsion over a meaningful proportion of the launch trajectory and 
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provides the flexibility of aircraft-like operations. Additionally it is inherently reusable and a high 
Lift-to-Drag ratio enables it to return to base for the next launch. It was found that by using a 
scramjet powered second stage the payload mass fraction can be increased to approximately 1.5% 
from 0.9%, typical for rocket based systems with payloads of the same magnitude. For example the 
Russian START-1 system delivers around 360 kg into a SSO of 400 km achieving a payload mass 
fraction of 0.60% (Isakowitz, 1995). This represented a significant gain and justified further studies 
into the design and analysis of the second stage scramjet powered vehicle.  
To this end a series of studies have been conducted at The University of Queensland to explore the 
preliminary ﬁndings of Smart and Tetlow (2009) in more depth (Jazra and Smart, 2009; Jazra, 
2010; Jazra et al., 2013). It was recognized that more detailed modelling of the aerodynamics of the 
second-stage vehicle, engine integration and vehicle mass were needed to mature the system. The 
baseline accelerator vehicle design in the study by Jazra (2010) was a scaled down version of the 
WCV developed by NASA for the NASP project (Shaughnessy et al., 1990). It is a long slender 
design which can be packaged as a second stage in a 3STO system while still providing enough 
volume for payload stowage. The overall geometry can be seen in Figure 2.2.1. 
 
 
 
 
Figure 2.2.1: Geometry of the winged cone vehicle. Image from Jazra (2010). 
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The fuselage consists of a conical forebody, a cylindrical centre body and a truncated conical boat 
tail. The wings have a delta shaped planform and have the trailing edge located at the centre 
body/boat tail junction. For propulsion three RESTM12 scramjet engines were integrated onto the 
bottom half of the fuselage, as can be seen in Figure 2.2.2. 
 
 
 
 
Figure 2.2.2: REST M12 integration on WCV. Image from Smart & Tetlow (2009) 
 
The second stage scramjet powered accelerator was the subject of a series of Multi-Disciplinary 
Optimisations (MDO) using the numerical optimisation system MANFRHAD (Multidisciplanary 
ANalysis FoR Hypersonic Airbreather Design) (Jazra, 2010). The system included a vehicle mass 
estimation model, the calculation of the aerodynamic and propulsion forces, and the simulation of 
the ascent trajectory. It was desired to gain an insight into the design and performance of a reﬁned 
model of the vehicle, including what influence varying the mass, the freestream dynamic pressure 
during the acceleration period, and the scale of the vehicle had on the performance. To this end, 
MANFRHAD was used to optimise the airbreather for maximum Mach number across the 
accelerating trajectory using five geometry parameters. 
It was demonstrated that the ﬁnal Mach number predicted by the initial study by Smart and Tetlow 
(2009) was somewhat high, and that more realistic modelling of the airbreathing second stage limits 
its performance to M=11.1 at best. More realistic modelling of the lift, drag, vehicle packaging and 
mass were important aspects for the design and performance of the WCV. It was found that 
engine/airframe integration of the design and the inclusion of the trajectory into the optimisation 
system were both important aspects to obtain the best performance from a HAAV.  
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Key aspects of the vehicle that led to the worthy accelerating performance over a wide Mach range 
were a tight integration of the vehicle and the propulsion system. This is due to the high 
aerodynamic drag on the vehicle that exceeds the installed engine thrust at greater Mach numbers. 
A limitation of the RESTM12 engines is that they require flat inlet ramps on the forebody of the 
vehicle. This constrains the shape of the forebody and unfortunately when three engines are 
installed on the conical fuselage, there are air mass flow capture losses due to the spaces between 
the engines as seen in the frontal view of the vehicle in Figure 2.2.2. It was suggested that the 
engine integration be improved to aid in capturing more of the processed air. It was also noted that 
for space access applications optimising the airbreathing stage, in isolation from the other launch 
stages, for highest Mach number is not necessarily the best optimisation objective and that other 
performance parameters should be investigated. 
In a follow up study the WCV was then optimised for maximum payload into a LEO of 200km 
altitude (Jazra et al., 2013). Payload mass fractions of the order of 2% were obtained; a value that 
compares very favourably with other small launch systems, demonstrating that the optimisation 
objective could have a large effect on the performance of the launch system as a whole. The 
optimised vehicle can be seen in Figure 1.1.1, Chapter 1. These values were very promising but it 
must be noted that this work did not include the requirement for the vehicle to be pitch trimmed, 
which is an important aspect which must be addressed. The following section presents some 
important aspects of hypersonic vehicle design with a focus on pitch trim. 
 
2.3 Hypersonic Vehicle Design 
There are many aspects to designing a HAAV and covering it all could fill numerous text books, as 
such this section will focus on the areas that are deemed to be of most importance for a pitch trim 
study. First a common accent trajectory for HAAVs will be presented, followed by a study in pitch 
trim and stability, and finishing with a discussion of a design methodology for HAAVs. For 
additional reading on the subject of hypersonic vehicle design the work by Heiser & Pratt (1994), 
Hirschel and Weiland (2009), and Anderson (2006) are highly recommended. 
2.3.1 HAAV Trajectory & Control 
To gain the most out of the airbreathing stage the flight dynamic pressure (q0) across the 
accelerating trajectory becomes an important design consideration. If q0 is too high then the 
structural and aerodynamic heating can be excessive, if it is too low scramjet performance will 
suffer and unreasonably large wings will be required to generate enough lift (Kliche et al., 2008). 
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There is a trade-off between engine thrust and vehicle airframe weight (structural limit), and a 
common compromise is to fly at a constant q0 trajectory (Olds and Budianto, 1998). The practical 
range for q0 is considered to be between 20-90kpa (Heiser and Pratt, 1994), Figure 2.3.1 shows the 
constant q0 trajectories for this range. 
 
Figure 2.3.1: Altitude vs Mach number for constant dynamic pressure trajectories.  
Image from Heiser and Pratt (1994). 
 
Care must be taken by the designer as flying at a constant q0 does not necessarily ensure acceptable 
performance. The thrust of scramjets varies with altitude and Mach number. For constant q0 
trajectories Mach number increases result in decreases in the captured air mass flow rate (Kliche et 
al., 2008). Coupled with changing vehicle aerodynamics and weight, the vehicle’s progress along 
the constant q0 path can be complex and difficult to determine (Olds and Budianto, 1998).  There 
may be regions along the trajectory where the vehicle cannot be flown, due to lack of control or 
trimmability, single operating point designs will not pick up on this and give unrealistic results 
(McRuer, 1991). A solution is to calculate flight envelopes to determine the range of flight altitudes 
and mach numbers at which the vehicle can be flown (Dalle et al., 2011). However, it is best to 
design across the whole trajectory as it insures that the vehicle can indeed be trimmed for the entire 
flight. This requires a controller to guide the vehicle along the desired q0 trajectory. 
Hypersonic flight control is a challenging research area because the controller needs to deal with 
large flight envelopes involving, among other things, changes in the aerodynamics, thrust level and 
mass along the trajectory (Bolender, 2009; Baumann et al., 2007). There are mumerous studies 
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available on constant q0 contol with the most prominent being a study by Olds and Budianto (1998) 
which introduced three guidance methods for constant q0 trajectories. These were Generalized 
Acceleration Steering (GAS), Linear Feedback Control (LFC) and Cubic Alpha Polynomial. The 
GAS method was based on controlling q0 by setting the angle-of-attack (α) such that at each time 
step the rate of change in q0 was equal to zero. This method was successful at maintaining a contant 
q0; however, the root finding method was expensive computationally and did not always guarantee 
a convergence. The LFC method controlled q0 by adjusting an underlying α based on the errors in 
q0 and  𝑞𝑞"̇ at each time step. This method proved to be more accurate and more robust than the GAS 
method, but still required quite small time steps due to α remaining constant over each time interval. 
Lastly, the Cubic Alpha Polynomial controller functioned by defining α as a polynomial function 
with user defined coefficients and the error in q0 as a variable. Thus, unlike the GAS and LFC 
methods, the Cubic Alpha Polynomial controller results in a smooth function of α, thus allowing the 
use of a larger time step reducing computation time; however, it did not perform as well as the other 
methods. Out of the three controllers investigated, the LFC method was found to be the most robust 
and accurate. Some drawbacks of these controllers were that they were not suited to ascending 
accelerating trajectories and also applicable to a specific vehicle geometry only, thus they were not 
ideal condidates for an vehicle optimisation study. 
The work by Olds and Budianto (1998) was used as a basis for developing three constant q0 control 
strategies for the ascent trajectory of an HAAV (Preller and Smart, 2015). The controllers used 
Proportional-Integral-Derivative (PID) feedback, a common type of linear feedback control where 
the error (proportional), the derivative of the error, and the integral of the error are used as feedback 
to the system. The derivative of the error is used to improve the transient response’s settling time, 
system overshoot, and rise time, whereas the integral of the error is typically used to reduce the 
steady state error (Nice, 2008). Three controllers were examined: a constant gain PID, a gain 
scheduling PID and a pole placement Proportional-Integral (PI). The controller development placed 
importance on the ability of the controllers to function over the large range of flight conditions that 
occur along an accelerating trajectory and for a large range of vehicles that would be encountered in 
a typical optimisation study. 
The performance and robustness of the controllers were demonstrated across an accelerating 50kPa 
constant q0 trajectory. It was found that a simple PID controller can be used as a constant 𝑞𝑞0 
controller for HAAVs. By introducing a gain scaling factor based on the vehicle’s stability 
derivatives, the performance of the controller can be improved to better respond to changes in flight 
conditions. It was demonstrated that for best performance a more complex pole placement PI 
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controller can be utilized but at with an increased controller complexity. This controller was chosen 
for all the trajectory simulations in this thesis. 
2.3.2 HAAV Trim 
This section will first present what vehicle trim is, relying heavily on the work by Hirschel and 
Weiland (2009), it will then show how trim can be influenced by the particular aspects of a HAAV’s 
design. A vehicle is considered to be pitch trimmed if the pitching moment is equal to zero as 
defined by: 
𝑃𝑃𝑃𝑃&&&&&'( = 𝑃𝑃𝑃𝑃&&&&&* + ∆?̅?𝑟 × 𝐹𝐹&1234 = 0 
(2.1) 
where;        	?̅?𝑟 = 	 ?̅?𝑟* − ?̅?𝑟'(,					𝑃𝑃𝑃𝑃&&&&&* = 𝑞𝑞"𝐴𝐴32:𝐿𝐿32:𝐶𝐶=, 				𝐹𝐹&1234 = 𝑞𝑞"𝐴𝐴32: >
𝐶𝐶?
𝐶𝐶@
A 
𝑟𝑟* = 𝑎𝑎𝑟𝑟𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑎𝑎𝑟𝑟𝑎𝑎	𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟	𝑝𝑝𝑝𝑝𝑎𝑎𝑟𝑟𝑎𝑎 
cp = centre of pressure 
 
Note that the moments are summed around the centre of pressure. Figure 2.3.2 shows the 
aerodynamic forces and moment coefficients used in this analysis. 
 
 
 
Figure 2.3.2: Coordinate system showing vehicle axis system (xf, zf), flight path axis system (xa, za) and aerodynamic 
force and moment coefficients (Cx, Cz and Cm). 
 
By substitution of the above, and rearranging Equation (2.1); 
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𝐿𝐿32:{𝐶𝐶=}* + O−𝐶𝐶@P𝑥𝑥* − 𝑥𝑥'(R + 𝐶𝐶?P𝑧𝑧* − 𝑧𝑧'(RT = 0 
(2.2) 
By choosing the reference point to be the Centre of Gravity (CG) and rearanging Equation (2.2);  
P𝑧𝑧UV − 𝑧𝑧'(R =
𝐶𝐶@
𝐶𝐶?
P𝑥𝑥UV − 𝑥𝑥'(R 
(2.3) 
Which describes the trim case where all the moments around the CG are zero; 
𝐶𝐶=|UV = 0 
(2.4) 
Therefore the vehicle can be pitch trimmed if equation (2.3) can be satisfied. Note that if the CG 
location is fixed the centres of pressure, xcp and zcp , can be altered to trim the vehicle. The centre of 
pressure locations can be found by setting the reference point in Equation 2.2 to the origin (tip of 
the nose of the vehicle); 
 
𝐿𝐿32:{𝐶𝐶=|4X + 𝐶𝐶=|4Y} = O−𝐶𝐶@𝑥𝑥'( + 𝐶𝐶?𝑧𝑧'(T 
(2.5) 
The coordinates can then be obtained by equating the coefficients; 
 
𝑥𝑥'( = −𝐿𝐿32:
𝐶𝐶=|4X
𝐶𝐶@
 
(2.6a) 
𝑧𝑧'( = 𝐿𝐿32:
𝐶𝐶=|4Y
𝐶𝐶?
 
(2.6b) 
Where; 
𝐶𝐶=|4X = −
1
𝑞𝑞"𝐴𝐴32:𝐿𝐿32:
[ 𝑟𝑟Y,1234
\
𝑥𝑥𝑥𝑥𝑥𝑥 
(2.7a) 
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𝐶𝐶=|4Y = −
1
𝑞𝑞"𝐴𝐴32:𝐿𝐿32:
[ 𝑟𝑟X,1234
\
𝑧𝑧𝑥𝑥𝑥𝑥 
(2.7b) 
This result can be used to obtain the centre of pressure locations, xcp and zcp, and used in equation 
(2.4) to check if vehicle trim is satisfied. From Equations (2.7a & b) it can be seen that the centre of 
pressure is based upon the surface integral of the aerodynamic forces. Therefore the centre of 
pressure can be adjusted by using trim flaps or by altering the vehicle’s planform.  
This highlights the need for an understanding of the effects that the vehicle’s planform has on the 
trim, as once set it is difficult to alter. Figure 2.3.3 displays the main forces on a HAAV that impacts 
longitudinal trim along a trajectory, these are (McRuer, 1991): 
 
I. The aerodynamic forces on the vehicle. E.g. from forebody compression and wing lift 
generation. 
II. The engine moment due to internal thrust generation. 
III. The moment due to exhaust gas expansion on the vehicle aftbody. 
IV. The location of the centre of gravity. 
V. The moment due to the elevon trim force. 
 
Figure 2.3.3: Vehicle side view showing the main forces that affect longitudinal trim. 
 
The forebody of a HAAV represents a significant proportion of the planform and as such will be a 
main contributor to the pitch trim. In order to study the effects related to forebody shape on trim it is 
important to identify the parameters that can influence the trim (Boppe and Davis, 1989). This is to 
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ensure that 1) the optimiser can model the parameters and, 2) that the parameters are sufficiently 
unrestrained for meaningful minimum trim study (Levine and Hollowell, 1990). The single 
operational point optimisation study by Boppe and Davis has found that the following forebody 
characteristics have influences on the trim: 
1. Nose width: broad vs pointy,  
2. Length,  
3. Camber, 
4. Slenderness ratio.  
 
A study by Bowcutt (2001) has found that the nose angle has a significant influence on the 
longitudinal trim. It is also expected that the cross sectional shape will influence the trim 
characteristics as another study Townend (1991) found that “drag optimised trapezoidal forebodies 
can reduce forebody pressure drag by 50% when compared with cones or ogives having the same 
cross section and maximum length” (matched tankage).  
The exhaust expansion on the aft body of a HAAV is a major contributor to the pitching moment of 
the vehicle (Weidner et al., 1976). It is therefore important to model the exhaust expansion on the 
external nozzle as accurately as possible. The nozzle module in MANFRHAD models the exhaust 
flow assuming perfect gas quasi-1-D isentropic expansion between the height of the lower engine 
cowl and the aftbody surface. 
A major downfall of the quasi 1-D analysis is that it will not capture thrust losses or accurately 
model the pitching moment gradient from nozzle angles that are too shallow or too steep. With this 
model there is the assumption that the flow from the nozzle is planar and parallel to the flow from 
the combustor. It therefore only returns a force aligned with the combustor line. However, in reality 
the nozzle expansion will produce forces that are normal to this combustor line which will in turn 
affect the pitching moment obtained from the nozzle expansion (Bowcutt, 1992). A meaningful 
pitch trim study would require a 2-D nozzle analysis to capture these effects. Therefore, the 2-D 
Euler code by Salas (1976) called SEAGULL will be used to implement a higher fidelity nozzle 
expansion model into MANFRHAD. 
Higher levels of conventional optimisations focus on engine position and orientation and the 
location of the CG for trim optimised vehicles. In these studies pitch trim is checked only at certain 
points along the trajectory, not along the entire trajectory, and if the vehicle is found to be 
untrimmed at the chosen point the correction is to alter the control surface’s size and location or to 
change the position of the vehicle’s CG (Starkey and Lewis, 2001; Levine et al., 1990). Typically 
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the CG location is changed by adding nose ballast. By studying the trim effects of the vehicle 
planform a better understanding of the physics behind vehicle design is gained rather than a 
secondary approach of changing the CG location or relying on flaps for the majority of trim.  
Small trailing edge flaps such as elevons are used to trim out vehicle pitching moments (Hunt and 
McClinton, 1997; Ramesh, 2002; Maughmer et al., 1992). They function by changing the centre of 
pressure of the vehicle, mainly	𝑥𝑥'(, thereby satisfying the trim Equation (2.3). For optimisation 
studies, the flap pressure is broken down in lift and drag components, the lift component is used as 
the trim mechanism, and the drag component is assigned as a trim penalty on the overall drag of the 
vehicle. Simple inclination methods and shock expansion theory can be used to calculate the elevon 
aerodynamic properties. These methods can be expected to provide reasonable estimates provided 
they are applied to situations not dominated by strong viscous/inviscid interactions, real gas and/or 
rarefied gas effects, or flow fields containing extensive regions of separated flow (Maughmer et al., 
1992). 
The experimental work carried out by Ramesh (2002) was used as a guide to size the elevons. The 
study investigated trailing edge flaps on delta wings with similar wing sweep angles and thickness 
to chord ratios to that of the proposed WCV. The recommended sizing was: 
• Elevon surface area size, SE, of 10-15% of the wing area, and a  
• Elevon chord of 10-15% wing chord. 
 
It was found that typically the elevons produced a 100-200% increase, over the plain wing value, in 
the normal force coefficient. Therefore, despite their small size, the elevons were very effective in 
producing additional normal force, pitching moment and trim drag.  
Sizing can also be calculated by using vehicle control volume calculations (Bowcutt, 1992): 
 
𝑉𝑉&` = a1 −
𝑥𝑥UV
𝐿𝐿:bc2d1e2
f 𝑥𝑥`/𝑥𝑥(d1h																 
(2.8) 
Where Splan is the plan view surface area, Lfuselage is the fuselage length and an acceptable control 
volume 𝑉𝑉&`  of 0.04 is used. This analysis based elevon size on the CG location (𝑥𝑥UV) of the vehicle. 
This is logical as from the stability point of view a vehicle with a negative or zero static margin will 
require less elevon deflection due to its unstable condition and one with a large static margin will 
require more deflection as a larger force is required due to it being more stable. 
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Stability of a vehicle is dependent on the change in pitching moment relevant to the change in angle 
of attack. For positive stability it is desired that an increase in the angle of attack of a vehicle is 
countered with a negative pitching moment, thus forcing the angle of attack back in the right 
direction. Therefore stability can be assessed by the location of the CG	(𝑥𝑥UV) relevant to the neutral 
point(	𝑥𝑥k) as shown in: 
 
𝑥𝑥𝐶𝐶=
𝑥𝑥𝑑𝑑
∝
𝑥𝑥𝐶𝐶=
𝑥𝑥𝐶𝐶n
= −
1
𝐿𝐿32:
(𝑥𝑥k−𝑥𝑥UV) 
(2.9) 
Where 𝐶𝐶n is the coefficient of lift, 𝐿𝐿32: is a reference length and the neutral point is the CG position 
that satisfies; 
 
𝑥𝑥𝐶𝐶=
𝑥𝑥𝑑𝑑
= 0 
(2.10) 
From Equation 2.9 there are three possible locations for the CG as shown in Figure 2.3.4. Using 
Equation (2.9) it can be shown that for: 
   𝑥𝑥'e = X1,  
oUp
oq
 < 0, therefore stable 
   𝑥𝑥'e = X2,  
oUp
oq
 = 0, therefore neutrally stable 
   𝑥𝑥'e = X3,  
oUp
oq
 > 0, therefore unstable 
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Figure 2.3.4: Stability locations for CG. Image from Hirschel and Weiland (2009). 
 
It is important to note that the stability considerations up to now assumed a fixed vehicle 
configuration. This is that no flaps or means of control was allowed to correct for instabilities. 
Many modern aircraft are designed with negative static margins because they can manoeuvre more 
rapidly, due to being unstable. This is accompanied with lower trim drag, as the vehicle becomes 
more sensitive to changes in aerodynamic forces (Heiser and Pratt, 1994). Thus, an instability is not 
a design failure, but it is important that the design can be trimmed at all stages of flight (Cm=0) as 
illustrated by Figure 2.3.5. This allows the flight controller to force stability by trimming the 
vehicle for zero pitching moment. In other words, the instability can be compensated for by having 
a proper functioning flight controller and a trimmable vehicle. Important that this is included as a 
constraint on the vehicle analysis package. 
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Figure 2.3.5: Stability criteria for a vehicle. Image from Hirschel and Weiland (2009). 
 
 
 
2.3.3 HAAV Design Methodology 
In conventional aircraft design, the design and analysis is subdivided into separate technical 
disciplines to be optimised individually, and the final product is a compilation of the optimised 
components (Johnston et al., 1971). Unfortunately this is not the case for HAAVs as the technical 
disciplines of aerothermodynamics, propulsion, vehicle dynamics and control have complex non-
linear relationships. Thus a Multi-Disciplinary Optimisation (MDO) method must be used for the 
design of these vehicles in order to capture any favourable couplings between the various vehicle 
parameters (Bowcutt, 1992). Indeed MDO has become common practice in the design of such 
vehicles (Braun et al., 1995; Lockwood et al., 1996; Brown and Olds, 2006). Figure 2.3.6 highlights 
the broad field of disciplines involved in the design of hypersonic vehicles.  
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Figure 2.3.6: Disciplines in Hypersonic vehicle design. Image from Robinson (2011). 
 
 
A prominent researcher in the field lists the following key steps to guide researchers towards a 
meaningful MDO study (Bowcutt, 1992): 
1. Define a baseline vehicle; 
2. Determine which key geometric parameters are responsible for the “physics and the 
component performance”; 
3. Develop performance analysis models for all of the vehicle’s components and disciplines; & 
4. Use an optimisation tool to obtain the set of geometric parameters that maximises or 
minimises the optimisation performance parameter of choice. 
 
In order to achieve this MDO packages typically include the following core modules: 
• Geometry package – For vehicle geometry generation, based on input parameters for the 
vehicle. Also to calculate vehicle mass and layout such as engine integration.  
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• Aerodynamic analysis package – To provide aerodynamic properties of the vehicle such as 
Lift, Drag and pitching moment. 
• Propulsion analysis package – To provide engine performance data such as Thrust & Isp. 
• Trajectory package – To analyse the performance of the vehicle at key trajectory point 
conditions or to fly the vehicle along a desired trajectory. 
• Optimisation routine – To optimise the vehicle based on the performance in terms of a 
desired objective parameter. 
 
It should not be surprising that all MDO studies are not equal with such a vast range of disciplines 
and number of design modules, which can be at various levels of analysis. This makes comparison 
between studies difficult. NASA’s Integrated Design and Engineering Analysis (IDEA) environment 
contains a framework for the development of a MDO study (Robinson, 2011). It provides a standard 
for comparison of results from different optimisation studies by giving different discipline fidelity 
levels. 
This thesis will use an enhanced version of the optimisation program MANFRHAD (Jazra, 2010). 
The system consists of a number of modules ranging from vehicle geometry generation and 
packaging, to aerodynamic and propulsive analysis tools, to trajectory modelling. It is a powerful 
tool based on simple methods, for low computational expense, that give reasonably accurate results 
for the purpose of preliminary vehicle design. To further improve the capabilities of MANFRHAD it 
is desired to increase the fidelity level of the trajectory discipline from level 1 (non-trimmed) to 
level 2 (pitch trimmed). This means that the optimisation will be based on a 3DOF pitch trimmed 
point mass trajectory. 
 
2.4 Chapter Conclusion 
This Chapter began with an introduction into space launch systems. It presented the desire for a 
dedicated small launch systems, as well as modern day mission profile requirements such as 
flexibility and responsiveness. An overview of Scramjet technology and why it would be a good 
option for such a system was given. This was followed by an overview of important hypersonic 
vehicle design aspects, drawing attention to the pitch trim and the MDO methodology for such 
vehicles. The following chapter will present the desired mission for the small launch system 
investigated in this thesis. Chapter 4 will then cover in detail the tool set developed to optimise the 
2nd stage HAAV.  
CHAPTER 3 
 
Reference Mission Profile 
 
To evaluate the performance of the proposed launch system a realistic and practically applicable 
mission profile is required. This Chapter documents the rationale behind the chosen mission profile 
of delivering a payload of up to 500kg to a Sun Synchronous Orbit of 566.89 km altitude. First an 
overview of the key mission events will be given. A brief overview will be given on the classes of 
orbits available and some important small satellite mission requirements will be discussed. This will 
be followed by a description of the key orbital aspects. The Chapter will conclude with a summary 
of the chosen mission profile that will be used to assess the performance of the 3-STO launch 
system. 
 
3.0 Launch sequence overview 
This work is focused on the application of a scramjet powered stage forming part of a three stage to 
orbit launch system. The Figure below shows the proposed mission profile for this system.  
 
 
 
Figure 3.0.1: Mission profile for the launch system showing key mission events. 
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A mission starts with the system launching from Cape York, Australia. The 1st stage rocket booster 
accelerates the airbreathing stage to favourable operating conditions for the scramjet, for this study 
Mach 6 at a dynamic pressure of 50kPa. At this time (Fig. 3.0.1 II), the scramjet engines ignites and 
the 2nd stage vehicle separates from the booster. The 1st stage booster is discarded. The airbreather 
accelerates until the on board fuel is exhausted. At this point (Fig. 3.0.1 III) the liquid rocket motor 
on the final stage ignites and a high dynamic pressure separation is performed. The reusable 2nd 
stage returns to base while the final stage accelerates away, it must be noted that the return flight is 
not investigated in this work. The 3rd stage continue to accelerate up to a point where it can coast to 
a dynamic pressure of 10Pa or less (Fig. 3.0.1 IV). At this point (Fig. 3.0.1 V) the thermal 
protection system is no longer required and is discarded while the rocket continues to coasts 
towards the apogee. At the apogee (Fig. 3.0.1 VI) the 3rd stage performs a Hohmann transfer to 
insert the payload into the desired orbit. It is the aim of this chapter to show what the desired orbit 
should be. 
3.1 Orbit classes 
There are many orbits available for satellite based earth observation missions. The earth observatory 
branch of NASA (2015) define three broad classes of orbits sorted by altitude, these are: High-, 
Medium-, and Low Earth Orbits. High Earth Orbits are considered to start from around 36,000 
kilometres from the Earth’s surface. These orbits are also known as geosynchronous orbits because 
at this altitude the period of the satellite’s orbit is in sync with the Earth’s rotational period. There is 
a special orbit in this class known as the geostationary orbit, where the satellite inclination lies in 
the equatorial plane of the Earth, thus having a fixed location relative to the Earth. A satellite in 
such an orbit requires no tracking equipment and as few as 3 satellites can provide almost full 
coverage on Earth (Larson and Wertz, 1992). However, such orbits require large and sophisticated 
satellites, and due to the costs involved with such satellites it is usually also desired that they have a 
long lifespan. 
Medium Earth Orbits have altitudes between low and high Earth orbits, thus between 1000 and 
36,000km. A special class of orbit known as the semi-synchronous orbit exists in this class at an 
altitude of around 20,200 km. A satellite in this orbit completes exactly two passes over the Earth 
per day making it very consistent and thus suitable for satellite systems such as the Global 
Positioning System. 
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Low Earth Orbits (LEOs) are considered to fall between altitudes of 100 and 1000km. The 
special class of orbit in this range is known as the Sun Synchronous Orbit (SSO). This orbit is 
unique in that it passes over the same location over the Earth at the same lighting conditions, thus 
making for direct comparison between observation data. However due to the low altitude a satellite 
in LEO can experience small atmospheric effects thereby limiting its lifespans which may be an 
important aspect for end users. 
3.2 Industry demands for space access 
To aid in narrowing down the desired orbit choice it is important to determine what is in demand 
by industry, i.e where is the current state of technology leading the satellite users of the world. Is 
the trend of large multi-experimental large satellites in high orbits still current or is there a demand 
for smaller independent satellites in lower orbits with reduced lifespans? It would seem that there is 
a rising demand for smaller more flexible dedicated satellites. Some examples from a recent Re-
Inventing Space conference, a conference aimed at discussing the future of space access and space 
related missions, include the NovaSAR, Surrey Satellite Technology X-series platform and the 
Skimsats. These are all examples of what can be done with a payload below 500kg mass in a LEO.  
The NovaSAR project, a collaboration between Surrey Satellite Technology Ltd. and Airbus 
Defence and Space, is a small platform based on a Synthetic Aperture Radar (SAR) payload 
(Hawkins et al., 2014). It is intended to remain on a small platform of around 450 kg mass to offer 
an affordable and accessible solution for those requiring SAR data. With a 580 km altitude SSO it is 
focused on earth observation missions such as forestry monitoring and have an expected lifespan of 
only 7 years.  
At roughly 75 kg mass and expected orbit altitudes as low as 160 km Skimsats are positioned at 
the smaller end of the mass spectrum (Bacon and Olivier, 2014). The primary mission for these 
satellites is for earth observation. Making the most from the image resolution benefits associated 
with lower orbits. The smaller satellites embrace the atmospheric effects by using the atmospheric 
drag for propellant less de-orbit which help with prevention of debris in orbit. The reduced lifetime 
is offset by the faster turnaround of technology.  
Due to the rapid development of micro-scale, low power electronics, satellites that were many 
thousands of kilograms, now weigh just hundreds of kilograms. This is in contrast to the late 20th 
century where bulky multi-experiment satellites with long lifespans led to the development of large 
launch systems. An example highlighting this is the Surrey Satellite Technology Ltd, X-series 
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platform designed with a focus on responsive space access claiming the “ability to design, build and 
test a cost effective microsatellite platform in less than 6 months” (Kenyon and Stanton, 2014).  
There is a clear trend towards small scale responsive and flexible missions, driving the demand 
for launch capability of around 500kg or less into LEOs. It is believed that this requirement 
combined with a small launch capability focusing on rapid deployment, one mission only satellites, 
and short lifespans of 2-4 years will meet the needs of many missions, such as responsive 
surveillance of man-made and natural disasters and several earth science missions.  
3.3 Important mission design considerations 
This section will present some key earth science mission design considerations. Ultimately a 
mission is dictated by the coverage and motion of the satellite. Table 3.3.1 taken from (Boian, 
2004), maps key earth science based mission requirements, such as area coverage and lighting 
conditions, to orbit characteristics. It can be seen that orbit altitude is a major parameter that 
influences many of these requirements. Therefore, it is important to understand the tradeoffs that the 
orbit altitude have on  important mission characteristics. 
 
Table 3.3.1: Science requirements mapped to orbit characteristics taken from Boian (2004). 
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Some key mission characteristics are mapped vs orbit altitude in Figure 3.3.1. It can be seen that 
(Larson and Wertz, 1992): 
 
Higher altitudes are beneficial for:  
Coverage – A higher altitude results in better coverage for a given satelite.  
Coverage evolution – Higher altitudes make for easier deployment strategy in terms of 
number of satelites in orbit and phase out and addition of satelites to the constellation. 
Communications – Higher altitude results in easier comunication. 
Lifetime – Atmospheric drag conciderations is important upto 500km altitude, it is desirable 
to remain above this altitude for increased satelite lifespan. 
 
Lower altitudes are beneficial for: 
Launch capability – Lower altitudes are much easier to reach. Smaller launch vehicles may 
reduce cost and increase number of launches. 
Avoiding Radiation – The inner Van Allen Radiation belt is located between altitudes of 
around 1000 to 6000 km, it is desirable to be below this. 
Imaging resolution – Lower altitude is better. 
 
 
Figure 3.3.1: Altitude trade off, red band covers range of interest. Image from Larson and Wertz (1992). 
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Since the system is focused on small payloads into LEOs it is clear that the desired orbit altitude 
fall between 500 to 1000km, shown by the red band in the figure above. The lower limit is dictated 
mainly by the atmospheric drag (lifetime) and by communications, and the upper limit primarily by 
the radiation belt but also by launch capability. This leaves coverage and coverage evolution in the 
lower undesirable band. Clever constellation design can overcome the reduced coverage. An 
alternative is to increase the satelite count to provide almost global coverage. In terms of 
communication, data can be stored when out of communication range and be transmitted when in 
view.  
What is required is an orbit that provides full coverage at lower altitude to take advantage of 
lower altitudes for increased flexibility and increased launches. The SSO is believed to be such an 
orbit. 
3.4 Sun Synchronous orbits 
The Sun Synchronous Orbit is a special class of polar orbit that has repeated ground tracks and an 
orbit plane with a fixed orientation relative to the sun. This results in fixed lighting conditions for 
each of its repeated ground tracks, as shown in Figure 3.4.1. To obtain these traits the orbit must 
have a precession around earth that matches the rate that the earth orbits the sun. I.e. roughly 1º per 
day. This is achieved by having a slightly retrograde orbit with the number of repeated orbits 
dictated by the chosen altitude and inclination angle.  
 
 
Figure 3.4.1: Sun Synchronous Orbit showing the ground tracks at fixed lighting conditions. Image from the Earth 
observatory branch NASA (2015). 
 
 
 
37          Chapter 3  Section 3.4 
 
 
The orbit characteristics of a SSO make it very suitable for the application of earth observation 
missions where low altitudes are desired for improved image resolution. Typically the lower orbit 
altitude comes at the cost of reduced coverage but fortunately unlike other orbits the SSO has the 
benefit of almost full global coverage at all latitudes due to the high inclination angle of the orbit. In 
addition to this the fixed lighting conditions along the repeated ground track makes for fair direct 
comparison of observations (Boain, 2004).  
 Benefits realised and utilised by NASA’s ongoing SSO based earth observation program LandSat 
since 1972. It is project undertaken by NASA in partnership with the United States Geological 
Survey and is one of the longest earth observation based missions in existence with LandSat 1 
launched in 1972 and LandSat 9 expected to launch in 2023. For example the orbit of Landsat 7 is 
sun synchronous, and near polar at an altitude of around 705 km, this satellite completes just over 
14 orbits per day, covering the entire earth between 81 degrees North and South latitude every 16 
days. (NASA, 2015) 
It would seem that the SSO is a good match to the intended earth observation mission of the 
proposed small satellite launch system. The remainder of this section will now examine the 
influence of altitude on the properties of an SSO with the aim of defining a altitude for the desired 
mission. For a SSO to have a daily repeated ground track the orbit needs to have a precession rate of 
~1 deg. per day. This is satisfied by choosing a specific inclination angle and altitude, giving a 
integer number of daily satelite revolutions. This results in a discreet set of orbit altitudes that can 
actually satisfy these requirements (Boain, 2004). Table 3.4.1 contains the possible SSO choices 
within the altitude band of interest.  
 
Table 3.4.1: Orbit parameters for a daily repeat SSO. 
Number of 
Revolutions / day 
Orbital period 
(s) 
Orbit Altitude 
(km) 
Adjacent ground 
track distance (km) 
14 6171 893.79 2862.50 
15 5760 566.89 2671.67 
16 5400 274.42 2504.69 
 
From the above it can be seen that there are two choices that meet the required altitudes, one at 
566.89 km with 15 revolutions per day and one at 893.79 km altitude with 14 revolutions per day. 
An important value to note in terms of observation coverage is the distance between adjacent 
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ground tracks. For the orbit at 566.89 km altitude this is 2671 km. This can be reduced by 
increasing the revolutions. However this cannot be done for daily repeats, as the altitude would be 
too low (274.42 km).  
There is an option to increase the time between repeated ground track cycles from one day 
repeats to multiple day repeats. Figure 3.3.2 shows all the possible orbit choices for this case. On 
the x-axis is the orbit altitude and on the y-axis is the repeat cycle length in days. It can be seen that 
for repeat cycle of 2 days, 29 satelite revolutions will be made at an altitude of 725km. This gives a 
distance of 1382km between adjacent ground tracks, alowing for full global coverage with a 
imaging instrument with a swath-width of just 63 degrees (Boain, 2004). The problem is that at 
725km altitude space debris is a concern due to the overuse of this popular zone (United Nations, 
1999) and it is for this reason that the SSO at 566.89 km altitude was chosen as the desired orbit.  
 
 
 
Figure 3.4.2: Sun Synchronous repeat ground track orbits, adapted from Boain (2004). 
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3.5 Chosen Reference Mission 
The launch system in this body of work was designed around a mission profile of delivering a 
500kg payload into a SSO of 566.89 km altitude. It is believed that this orbit combined with a small 
launch capability focusing on rapid deployment of dedicated one mission only satellites will meet 
the needs of many earth observation missions, such as responsive surveillance of man-made and 
natural disasters. 
The launch trajectory for the chosen SSO mission starting from Cape York (-12.25º Latitude, 
143.1º Longitude) is shown in Figure 3.5.1. Cape York is an attractive potential launch site in 
Australia because of its remoteness and close proximity to the equator. The launch stack will travel 
in a Northern direction at a 97º retrograde inclination resulting in a SSO with an altitude of 566.89 
km. This gives 15 revolutions per day at an orbital period of 5760 seconds, resulting in a view of 
2671.7km between adjacent ground tracks; Characteristics that are believed to be very favorable for 
the intended earth science missions. 
 
 
Figure 3.5.1: Launch trajectory from Cape York Australia. 2nd Stage airbreathing flight shown in red and 3rd stage 
trajectory shown in yellow. Image generated with Google Earth using trajectory simulation data. 
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CHAPTER 4 
 
Vehicle Optimisation System 
 
This chapter presents the MDO system developed to optimise the 2nd stage airbreathing accelerator. 
First an overview of the optimisation system will be given. This will be followed by a description of 
the individual modules, drawing attention to the updates that were made for this study. Furthermore, 
a description of the trajectory modelling for each of the three vehicles of the launch system will be 
given.  In order to investigate the impact of pitching moment trim of the 2nd stage along a trajectory 
some sections of the optimisation system have been upgraded from a fidelity level 1 to 2 as defined 
by NASA’s Integrated Design and Engineering Analysis Environment (Robinson, 2011). This 
includes the introduction of longitudinal trim, the selection of key vehicle geometry design 
parameters that would impact on the longitudinal trim, refining the vehicle mass model, and 
aerodynamic module updates such as introducing a 2-D aft body exhaust expansion model plus 
elevon force and pitching moment inclusions. The Chapter will conclude with the presentation and 
discussion of the performance parameters used as optimisation objectives in this study. 
4.0 Overview of the MDO system 
The MDO system used in this study is known as MANFRHAD (Jazra, 2010). It is an ongoing 
project at the Centre for Hypersonics at the University of Queensland, Australia. The system 
includes a number of modules to calculate airbreathing hypersonic vehicle aerodynamics, mass, 
scramjet engine propulsion, and the flight trajectories. The system is shown schematically in 
Figures 4.0.1 and 4.0.2. 
In MANFRHAD, the initial creation of the vehicle geometry and the analysis of the external 
aerodynamic forces are undertaken using a computer code named HYPAERO (Jazra and Smart, 
2009). The vehicle mass is based on a representative CAD model and statistical data. Performance 
from the scramjet engines is obtained from a user-supplied propulsion database, and the thrust and 
lift component from the external expansion of the exhaust gases on the vehicle’s boat tail are 
calculated using a 2-D gas expansion model. After the performance properties of the vehicle are 
known a modified version of the Computer Aided Design of Aerospace Concepts (CADAC) code 
simulates the 3-DOF ascent trajectories, thereby including the trajectory into the vehicle 
optimisation system (Zipfel, 2007). 
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An optimisation study starts by first completing a global search to find the region of the design 
space that has the best performance. A local optimisation is then undertaken in this region to obtain 
the best performing vehicle. This procedure was followed to prevent convergence onto a local 
rather than global optimum as will be discussed later inside section 4.4. Figure 4.0.1 shows the 
steps for the global design space search starting with the creation of a Full Factorial Design (FFD) 
matrix which contains geometry parameter sets for all of the possible vehicle shapes within a user 
defined design space (Forrester et al., 2008; McClinton et al., 2002).  
 
Figure 4.0.1: MANFRHAD global design space search. 
 
Figure 4.0.2: MANFRHAD local optimisation procedure. 
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The vehicle analysis system is then used to obtain performance results for all vehicles in the FFD 
matrix. A Kriging polynomial model aids in visualising the results of the multi-dimensional design 
space (Forrester et al., 2008). This procedure identifies the best performing vehicle in the FFD 
matrix. This vehicle’s parameter set is then used as a starting point in a local optimisation using the 
algorithm by Nelder and Mead (1965) to obtain the optimum vehicle as shown in Figure 4.0.2. The 
remainder of this Chapter will expand on the details of the different modules of MANFRHAD. 
 
4.1 HYPAERO – Geometry module 
This section presents the geometric modelling of the 2nd stage accelerator. This vehicle will hence 
forth be known as the Scramjet Powered Accelerator for Reusable Technology demoNstration 
(SPARTAN) and is shown in Figure 4.1.1. It is a winged cone vehicle (WCV) based on the National 
Aero Space Plane from the 1990s. Work by Jazra et al. (2013) showed promising results using this 
vehicle as part of a space launch system to deliver small payloads of around 100kg into LEO. It is 
the aim of this study to develop it further at a higher fidelity level around the more specific mission 
of a Sun Synchronous Orbit at 566.89 km altitude. 
As can be seen in Figure 4.1.1, the WCV configuration possesses typical characteristics of a 
hypersonic accelerator with a pointed slender fuselage, tightly integrated engines and swept back 
delta wings. As a benefit the fuselage offers considerable volume for internal storage, which is why 
this design was preferred over a waverider type vehicle. Additionally, the shape is easily defined by 
a few key independent design parameters. These will now be introduced followed by a description 
of the dependent design parameters and the mass modelling.  
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Figure 4.1.1: Views of the SPARTAN vehicle. 
 
 
4.1.1 Vehicle Parameterisation: Independent Parameters 
The vehicle geometry was parameterised using seven independent design parameters; four for the 
fuselage, two for the wing and one for the engine. These are the optimisation parameters. They were 
carefully chosen to ensure that the resulting geometry possessed features believed to contribute to 
the pitching moment of the vehicle. This is of key importance to the study.  
I. Fuselage (Parameters Φ, Ca, Cp and Χ) 
The fuselage of the SPARTAN consists of three main components: A conical forebody, a cylindrical 
centre body and, a truncated conical boat tail. The four  optimisation variables related to the 
fuselage were (i) the forebody half-angle in the symmetry plane, Φ, (ii) the maximum forebody 
camber amount, Ca, (iii) the maximum camber position along the forebody, Cp, and (iv) the boat tail 
angle, Χ. These parameters can be seen in Figures 4.1.2 and 4.1.3. 
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Figure 4.1.2: Fuselage side view showing important design dimensions and parameters. 
 
In an effort to preserve the scale between all vehicles in this study the base radius of the centre body 
(rb) was fixed at 1.05 m for all vehicles. The choice of rb = 1.05 m was hoped to lead to overall 
systems with payloads to SSO of the order of 100-500kg. The shape of the forebody was 
constrained to pointed cones of circular cross section with the size defined by Φ. The length of the 
forebody, Lfb, is dependent on Φ. The forebody shape is crucial to the overall performance of the 
accelerator. Increasing Φ decreases the length but it also causes a stronger forebody shock, and thus 
higher compression of the incoming freestream flow. This results in a gain in the engine mass flow 
which is beneficial from a thrust-generation point of view. However, it comes at the expense of 
rising aerodynamic drag. In this study Φ was constrained between 4° and 6°. The upper limit was 
driven by the need for storage volume for the front fuel tank, front landing gear, flight systems and 
3rd stage nose cone. 
 
 
Figure 4.1.3: Forebody Camber parameters. 
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Forebody camber was introduced to investigate the effect it could have on the longitudinal trim of 
the SPARTAN. It was introduced into HYPAERO using the piecewise equation for a generic 
cambered 4-digit NACA airfoil (Moran, 2003). As such two new geometry parameters were 
introduced; maximum camber amount (Ca), and maximum camber position (Cp). Figure 4.1.3 
shows the effect of the parameters on the forebody, and the camber line can be obtained from: 
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(4.1)
 
Where,  
Lfb = Forebody length 
x = Position along chord from 0 to Lfb 
yc = Camber line height along Lfb 
Ca = Maximum desired camber 
Cp = Maximum camber position as a fraction of Lfb 
 
The camber amount was limited to be between zero (i.e. no camber) and ¼ of rb. The location of the 
camber was limited to be between the tip of the nose and half the length of the forebody, positions 
past this point resulted in non-sensible shapes. The fuselage’s cylindrical centre body could be sized 
by its length and radius. The length, Lcb, is dependent on the integrated engine size (see Section 
4.1.1.II for more details).  
The geometry of the boat tail was defined by its half angle, X. The length was dependent on the 
desire to have a fixed base diameter equal to rbt on all vehicles. A decision driven by the integration 
of the 2nd stage onto the 1st stage booster. The bottom surface of the boat tail consists of four flat 
surfaces to act as external expansion ramps for the engine exhaust gas. These ramps are useful for 
trim, lift and thrust generation. It is important to note that the angles of the ramps are different from 
X. The angles are dependent on the junction to the internal engine nozzle in order to obtain a 
smooth path for the expansion of the scramjet engine exhaust. 
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II. SCRAMjet engine (parameter wcap) 
For any airbreathing vehicle design it is important to maximise the mass capture into the engines. 
This is especially true for a hypersonic vehicle where spillage would be wasteful due to the amount 
of work done by the forebody to process the flow. It is for this reason that for this study a new 
external engine geometry was introduced. The new engine can be seen in Figure 4.1.4. It shows the 
front and side views of the engine stack consisting of four engine modules placed side by side. As 
can be seen in the frontal view there is no longer any spillage in between the engines. It must be 
noted that the internal flow path remained close to that of the RESTM12 engine (Suraweera and 
Smart, 2009) to allow for the use of the existing engine database. This was deemed as acceptable 
for the preliminary design level of this study.  
 
 
  (a)       (b) 
Figure 4.1.4: Full Capture Engine showing 4 engine modules. a) Front view, and b) Side view. 
 
The size of the scramjet engines is an important design variable. The inlet capture width, wcap, was 
used as a vehicle design parameter to scale the scramjet engine size. The axial position of the 
scramjet engines was a derived variable that was dependent on Φ and wcap. Due to the radial layout 
of the engine modules the engines are positioned along the forebody such that the local radius of the 
forebody, rl, is equal to the inlet radius, ri,. This is shown in Figure 4.1.5. The length of the centre 
body is then adjusted to align the boat tail with the scramjet nozzle. The lower limit for wcap was 
obtained by finding the smallest engine size that would still return satisfactory results for this scale 
of vehicles. The upper limit was based around the largest engine size that could be fitted entirely on 
the centre body; i.e. when rL equals ri. The allowable range for wcap was set to be between 0.55 m 
and 0.75m. 
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Figure 4.1.5: Diagrams showing engine integration. Top view shows SOL requirement, Bottom view shows Engine 
scaling parameter wcap. 
 
It is important that the engine position does not violate the shock-on-lip (SOL) condition, where the 
forebody shock strikes the external cowl of the engine (Figure 4.1.5). If the forebody shock enters 
the engine it will create severe shock-shock interactions that can produce catastrophic localized 
heating. The forebody shock angle, β, is dependent on flight Mach number, vehicle angle of attack 
and fuselage cone angle, and decreases with rising Mach number.  In this study βmin was calculated  
using the inclination angle of the foremost surface panel on the bottom of the forebody with 2-D 
oblique-shock relations for a limiting flight condition of M0 = 10 and α = 2°. A check is always 
done to ensure that the SOL criterion is satisfied. If it is discovered that the SOL condition is 
violated by a particular vehicle, that vehicle is removed from the study. The location of βmin is 
shown in Figure 4.1.5. 
III. Wings (parameters s and iw) 
The SPARTAN design relies on delta wings for lift generation. Figure 4.1.6 shows the design of the 
wings. The wings are aligned vertically with the vehicle’s axis line and they are positioned axially 
such that the unswept trailing edges line up with the aft end of the engine. The front of the wing is 
attached to the cowl of the scramjet module. Thus the wing root chord, cw, is dependent on the 
engine size. A thickness-to-chord ratio at the wing root of tt/c = 0.04 was adopted from the original 
WCV design by Jazra (2010) and kept constant. The two design parameters chosen for the wings are 
the wing half span, s, and the wing incidence angle, iw.  
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Figure 4.1.6: Wing dimensions and parameters. 
 
The wing half span was chosen as a means of varying the wing plan form area, important for lift 
generation. It was constrained between 3.4 and 5.5m in order to maintain aerodynamic performance 
on the return flight to base and during landing (needed for reusability). The upper limit on the span 
was set to maintain a high sweep angle typical for the hypersonic application of the vehicle. The 
wings were not required to stay within the Mach cone. The wing pressure distributions were 
obtained by inclination methods using the freestream flow conditions. I.e. not the cone processed 
conditions within the Mach cone. This was deemed sufficient for this level of study as modelling 
the shock/shock interactions for all flight conditions experienced by the large vehicle database to a 
quality that would be meaningful was not feasible.. 
The wing incidence angle parameter, iw, was introduced to investigate the potential impact it would 
have on the longitudinal trim of the vehicle. It is shown in Figure 4.1.7. Note that the wing leading 
edge is ‘hinged’ at the scramjet cowl surface and an incidence change is obtained by raising or 
lowering the trailing edge of the wing. The incidence angle was arbitrarily limited to +2.0° and -
2.0°. Small angles were found to be very effective due to the size of the wings and the range was 
kept within a small bound to allow sufficient resolution in the sparse FFD database. The delta 
layout of the wing places a large wing area behind the vehicle’s centre of gravity. This is beneficial 
for trim and lift purposes because an increase in iw (trailing edge down) results in a nose down 
pitching moment that could counter the large forebody compression moment and add lift but at a 
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cost of increased drag force. The optimal wing design will be a balance between the need for lifting 
surfaces and minimizing aerodynamic drag and longitudinal trim.  
 
 
Figure 4.1.7: Wing incidence diagram. 
 
4.1.2 Vehicle Parameterisation: Dependent Parameters 
With the geometry of the SPARTAN defined it is now possible to present the packaging of the 
internal components of the vehicle. The internal volume of the WCV is largely filled by the three 
liquid-hydrogen tanks and the 3rd stage booster. Figure 4.1.8 shows a sectional view of the fuselage 
in the vehicle symmetry plane, illustrating the packaging concept. 
I. 2nd Stage fuel tanks 
The SPARTAN has three tanks for fuel storage, one truncated conical tank in the nose and two 
cylindrical tanks in the bottom half of the centre body. This was done to maximise the volume of 
fuel carried while avoiding the need for complex tank geometries. The lengths of the cylindrical 
section of the tanks in the centre body are equal to the length of the centre body. Spherical end caps 
are attached that protrude into the volume of the forebody and boat tail. The diameters are fixed to 
the largest size that could fit geometrically into the available space in the bottom half of the 
cylindrical centre body (diameter of 0.87 m). Scaling the tank based on the centre body length is 
sensible because vehicles with large engines will have larger fuel tanks and vice versa. The front 
tank just makes use of the available volume inside the forebody. 
The truncated conical tank is positioned axially inside the forebody such that its truncated front end 
is half way along the forebody. An ellipsoidal end cap is added onto this. The rear position is 
dictated by a 50 mm gap between the 3rd stage nosecone and the rear cap of the tank. With the 
volume of the tanks known the fuel load can be obtained using ρLH2 = 70.99 kg/m3. Ullage volume 
was not accounted for and it was assumed that the available tank volume was filled by fuel. 
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Figure 4.1.8: Schematic view showing the packaging of the baseline vehicle. Two cylindrical tanks in the centrebody, 
located underneath the 3rd stage rocket, and one truncated conical tank in the forebody. 
 
Checks were made, during the sizing of the fuel tanks, to ensure that the Ispnet of the vehicle at the 
end of the trajectory was near that of the 3rd stage’s Isp. This was done to ensure that adequate fuel 
was provided to obtain maximum benefit from the airbreather stage. i.e. the HAAV had enough fuel 
onboard to to ensure that the trajectory did not terminate prematurelly thus not taking full advantage 
of the performance benefits while the scramjets had better performance than the rocket. 
II. 3rd stage 
The high q staging of the upper stage from the SPARTAN required that the 3rd stage is located in a 
piggy back position in a pocket on the upper surface of the 2nd stage as shown if Figure 4.1.1. A 
major benefit of this location is that the Centre of Gravity (CG) of the upper stage is located close to 
the CG of the SPARTAN, thus minimising the impact of CG changes at staging. Pitch changes on 
the rocket or the SPARTAN at staging fell outside the scope of this work and was not investigated. 
Figure 4.1.8 shows a schematic of the 3rd stage integration into the SPARTAN. The size of the 3rd 
stage is dependent on the available space inside the SPARTAN. The diameter (D3) was fixed to be 
half of the diameter of the SPARTAN’s centre body, and the length (L3) was set to be equal to the 
centre body’s length, the length required for the conical section of the rocket’s heat shield was 
added onto this value. I.e. the heat shield extends into the forebody. With the total length of the 3rd 
stage known, the 3rd stage components can be sized. 
The 3rd stage consists of the following components: (i) Heat shield, (ii) Rocket motor, (iii) LH2 and 
LOX tanks, (iv) Payload ‘*’ and, (v) Structure. The design layout of the upper stage is shown in 
Figure 4.1.9. 
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Figure 4.1.9: Third-stage configuration with payload. 
 
To protect the upper stage during the high q staging a full cladding heat shield was included in the 
design. The heat shield consists of a hollow conical ‘nose cone’ and a cylindrical sleeve. The 
conical section has an outer diameter equal to D3, a wall thickness of 10mm and a half cone angle of 
10.0°. The cylindrical sleeve has a reduced wall thickness of 5 mm (due to the reduced thermal 
loads compared to that of the nose cone) and covers the structure up to the rocket motor. The shield 
is constructed from Carbon-Carbon and the mass is calculated using a density of 1800 kg/m3.  
To simplify the design it is assumed that the same engine could be used for all 3rd stages, 
irrespective of size. The engine is a scaled down version of the Pratt & Whitney RL-10A-3A, 
chosen for its high thrust to weight ratio and compact size. A engine mass of 100kg was chosen and 
scaled performance parameters (Isp and thrust) was obtained through linear extrapolation of a 
statistical data set of 13 different liquid hydrogen fuelled rocket motors (Ferguson, 2009).The 
engine properties can be found in Table 4.1.1 below, note that ideal expansion ratio was assumed. 
Table 4.1.1: 3rd stage engine properties. 
Length [m] 1.59 
Diameter [m] 0.90 
Mass [kg] 100.0 
Thrust [kN] 63.1 
Specific Impulse [s] 437.3 
Mass flow rate  [kgs-1] 14.71 
Nozzle exit area  [m2] 0.636 
53          Chapter 4  Vehicle Optimisation System 
 
 
The LH2 and LOX tank dimensions are based on the available space inside the 3rd stage. Some 
interface distance was allowed for; 50mm between the engine and LOX tank, 50mm in between the 
tanks and 50mm between the payload and the LH2 tank.  Therefore the allowable length for the 
tanks is, 
Ltanks = L3 – Leng – LHS conical – 3Linterface 
(4.2)
 
The dimensions and mass of the individual tanks can be found by knowing that they are cylinders 
with spherical end caps and diameters equal to D3 minus the heat shield thickness. A 6:1 Oxidiser to 
fuel ratio is used to size the tanks (ρLOX = 1141kg/m3, ρLH2 = 70.99 kg/m3). 
The payload is positioned inside the conical section of the heat shield above the LH2 tank. The 
initial estimate of the payload volume was chosen to be equal to that of a cylinder with dimensions 
of: 
 
L* = 0.075*L3 
D* = 0.75*D3 
(4.3, 4.4)
 
The payload mass is then obtained assuming an arbitrarily chosen density of 1000.0 kg/m3. 
 
Finally, the mass of the empty structure (mainly propellant tanks) is calculated using a fuel to 
structure mass ratio of 7.85:1 obtained from a representative CAD model of the upper stage 
(Ferguson, 2009 ). The engine mass is added onto this empty structure mass to give a total structural 
mass. The design and the mass of the individual components can be totalled to obtain a final mass 
for the 3rd stage. Note that this is the HYPAERO predicted mass breakdown for the upper stage. 
Once the trajectory has been simulated the mass breakdown is updated based on the actual 
propellant used for the mission. In other words once at SSO the actual propellant spent is known, 
therefore a new structure mass is calculated and the remainder mass becomes the payload. This is; 
 
m* = mtotal – mpropellant – mengine – mstructure - mheatshield 
(4.5)
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III. SPARTAN mass model and centre of gravity location 
In an effort to increase the fidelity level of MANFRHAD, the mass model inside HYPAERO was 
updated. The dry mass (the reusable mass as the vehicle returns to base) of the SPARTAN can be 
broken down into the following key components, (i) structural mass, which includes the load 
bearing structure and the thermal protection, (ii) scramjet engine mass (iii) structural fuel tank mass 
(iv) internal systems mass and (v) undercarriage mass. The gross mass of the vehicle consists of the 
above plus the fuel mass. That is: 
 
m2 = m2dry + m2f  
(4.6)
 
To obtain the structural mass for the SPARTAN a CAD model of a representative WCV was used 
(Gauthier, 2011). This model included the aeroshell, thermal insulation and internal structure. It 
assumed a Carbon-Carbon aeroshell with a thickness of 10 mm, Alumina-Borosilicate mat/stainless 
steel multilayer insulation and an Aluminium internal structure. A tungsten nose cone was also 
included. Densities for the various components of the vehicle were calculated from the model and 
can be found in Table 4.1.2. During an optimisation, mass scaling is based on either surface area or 
internal volume.  
It may be noted that the boat tail has a high density compared to the forebody and centrebody, this 
is because it is re-enforced for interfacing with the booster stage, and heavily insulated for the hot 
exhaust expansion role. Due to the thin structure of the wings the wing mass scales by exposed plan 
form area and not volume. The LH2 fuel tank structure density of 9.48 kg/m3 was obtained from 
statistical methods based on the shuttle and other space vehicles (Rohrschneider, 2002). 
 
Table 4.1.2: Volume and area densities for key components of the SPARTAN. 
Forebody [kg/m3] 51.56 
Centre body [kg/m3] 49.18 
Boat tail [kg/m3] 107.40 
Tank structure [kg/m3] 9.48 
Wing [kg/m2] 11.13 
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The engine mass was assumed to be equal to 20% of the overall vehicle structural mass. The two 
vertical tail fins do not scale between vehicles and therefore have a combined fixed mass of 193.0 
kg (obtained from the CAD model). Statistical methods given in Raymer (2006) were used to obtain 
the masses of the internal systems and the landing gear, see Appendix A for calculations. The 
system mass was fixed at 707.5 kg for all vehicles and the landing gear mass was based on 4 % of 
the landing weight of the vehicle. A detailed mass breakdown for the baseline vehicle can be found 
inside Chapter 5.  
Since a primary interest of this study is the effect of changes in the vehicle planform on the 
longitudinal trim, the CG was fixed at the centroid of the planform area as shown in the figure 
below (Ar = Af). This is the case for all vehicles in this body of work. 
 
 
Figure 4.1.10: Planform view of vehicle showing location of centre of gravity at 50% planform area. 
 
 
4.2 HYPAERO – Aerodynamics module 
With the vehicle geometry defined the aerodynamic and propulsive forces can be obtained. The 
loads acting on the vehicle consists of i) The aerodynamic forces on the aero shell, ii) The 
propulsion force from the engines and, iii) The lift and thrust from the boat tail expansion. These 
forces are obtained through different modules inside HYPAERO, see Appendix B for more details 
on the workings of HYPAERO. The force accounting for the vehicle can be seen in Figure 4.2.1 
below. The aerodynamic forces are obtained from HYPAERO, the propulsion forces are obtained 
from the propulsion database and, the boat tail expansion forces are obtained from a 2-D 
calculation method. These will be described in detail in the following sections. 
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Figure 4.2.1: Force accounting. 
 
 
HYPAERO is an aerodynamic analysis module written by Jazra and Smart (2009). It is a powerful 
preliminary vehicle design tool that is applicable to hypersonic flow analysis for low angle of attack 
and freestream Mach numbers above 5 and altitudes that satisfy the continuum flow assumption. It 
can return the aerodynamic properties of separate components such as fuselages and wings or an 
entire vehicle including an integrated scramjet flow path. At its core HYPAERO is a panel method 
based on strip theory which is a computationally cost effective method proven in the application of 
hypersonic flow analysis (Rodden and Revell, 1960; Yates, 1966). It functions by organising the 
vehicles surface area into ordered strips of panels, with the strips representing stream lines along the 
surface of the vehicle. Mach number and pressure values are then calculated for each of the panels 
with inclination methods using the angle between each panel and the freestream flow (Anderson, 
2006). The program accounts for skin friction, with density and temperature profiles obtained 
assuming calorically perfect gas. The boundary layer transition location for each string of panels is 
predicted by using a correlation by Bowcutt et al. (1987). Laminar skin friction values are based on 
the method by Meador and Smart (2005) and the turbulent skin friction values are based on the 
method by Van Driest (1956). It must be note that heat transfer was not included in this study. 
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The code was updated to include elevons that can be used for pitching moment corrections across 
the trajectory. The experimental work carried out by Ramesh (2002) was used as a guide to size the 
elevons. The study investigated trailing edge elevons on delta wings with similar wing sweep angles 
and thickness to chord ratios to that of the vehicles investigated in this study. The elevons are sized 
based on the recommended sizing of an area of 15% of the wing area, and a chord length, cE, of 
15% of the wing’s root chord length. The elevon placement and sizing can be seen in Fig. 4.2.2. 
Elevons were positioned on the trailing edge of the wing and span wise they were placed adjacent 
of the scramjet/wing junction. The elevon span, bE, is determined by the 15% of wing area 
requirement and is limited geometrically to the intercept of the wing leading edge. 
 
 
 
Figure 4.2.2: Vehicle top view showing elevon positioning and sizing on wing. 
 
Simple inclination methods and shock expansion theory, like what was already used in HYPAERO, 
can be used to calculate the elevon aerodynamic properties (Maughmer et al., 1992). Therefore the 
aerodynamics section of HYPAERO was updated to include the modelling of the elevon forces. The 
elevon pressure is broken down in lift and drag components, the lift component is used as the trim 
mechanism, and the drag component is assigned as a trim penalty on the overall drag of the vehicle. 
Figure 4.2.3 shows example graphs for elevon deflection range -20 deg. to +20 deg. for Mach 6 and 
α = 1.0 deg. (a) and α = 5.0 deg. (b). Note that δ is positive for down elevon, giving a nose down 
PM. As expected elevon drag is at a minimum when δ is equal to α.  
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      (a)             (b) 
Figure 4.2.3: Representative plots for Elevon trim forces at Mach 6 and α = 1.0 deg. (a) and α = 5.0 deg. (b). 
 
 
HYPAERO makes us of a propulsion database to obtain values for the specific thrust (f), specific 
impulse (Isp) and equivalence ratio (ER) of the engine for a given flight Mach number, angle of 
attack and altitude. The database used by HYPAERO was based on the RESTM12 scramjet (Jazra, 
2009). It was generated by analysing a single engine flow path by looking at the inlet compression, 
combustor and the internal nozzle expansion. The inlet compression was analysed using a large set 
of computational fluid dynamic performance curves. The inlet exit conditions were used as input to 
the combustor model which was based on quasi-1-D cycle analysis calculations. The combustor exit 
flow was expanded to an internal area ratio of 8.0 compared to the minimum area at the inlet throat. 
Combustion and nozzle efficiencies were assumed to be 80% and 90% respectively. An ER of 1.0 
was used for all calculations except for where the engine reached operational limits; in this case ER 
was below 1.0. This limit was due to the fixed engine geometry contraction ratio and the combustor 
divergence being designed for operations past a flight Mach number of 10. Thus for values where 
ER was below 1.0 the engine operated in dual mode. (Smart, 2007) 
59          Chapter 4  Vehicle Optimisation System 
 
 
 
    (a)             (b)  
Figure 4.2.4: Propulsion database for the RESTM12 in terms of a) specific-thrust and b) specific-impulse (Jazra, 2010). 
 
Figure 4.2.4 shows contour plots of f and Isp from the RESTM12 engine database used in this study 
(Jazra, 2010). These values are depend on both M1 and T1, and are assumed to be independent of p1 
for flight dynamic pressures greater than 20 kPa. The propulsion unit uses the information from the 
engine inflow conditions and the data from the propulsion database to return the net thrust from the 
engines along the vehicle axis line. It must be noted that the net lift force, from the pressure 
distribution on the internal surfaces, of the scramjet engine is assumed to be equal to zero. From fig. 
4.2.4 it can be observed that despite the Mach 12 design point for the RESTM12 engines, f and Isp 
are better for lower Mach numbers. This highlights the difficulty of thrust production of scramjets at 
higher flight Mach numbers. 
The exhaust plume from the engine expands over the surfaces of the boat tail generating both 
significant thrust and lift forces. It is therefore important to model the exhaust expansion in this area 
as accurately as possible. The afterbody expansion module in HYPAERO was upgraded from a 
quasi-1-D isentropic expansion model, to a 2-D Euler model using the proven SEAGULL code 
written by Salas (1976). It is a floating shock fitting technique in which second-order difference 
formulas are used for computation of discontinuities. A procedure, based on the coalescence of 
characteristics is used to detect the formation of shock waves. Mesh points that are crossed by 
discontinuities are then recomputed. The technique provides resolution for 2-D external or internal 
flows with an arbitrary number of shock waves and contact surfaces (Heiser and Pratt, 1994). 
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Figure 4.2.6, compares the updated 2D model with the previous 1D model for an example vehicle at 
Mach 6 and α = 1.0 deg. 
 
 
 
Figure 4.2.5: Comparison of 1D vs 2D Aftbody pressure for an example vehicle at Mach 6 and α = 1.0 deg. 
  
Lastly due to the relatively large base areas present in the current HAAV design the base pressure 
model within HYPAERO was upgraded to a 2-D correlation (Lamb and Oberkampf, 1993).  
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4.3 CADAC - Trajectory module 
Since it is desired to obtain the amount of payload that can be delivered to a SSO by the proposed 
launch system, it becomes important to model the trajectories for all the stages of the launch stack 
and not just the airbreathing stage. This section will present how this was achieved. The 1st stage 
trajectory is simply based on the rocket equation. The 2nd and 3rd stages’ trajectories are simulated 
with a trajectory code called CADAC (Zipfel, 2007). 
4.3.1 Trajectory modelling – 1st Stage 
The 1st stage was required to deliver the SPARTAN to its starting conditions of M = 6.0 and q = 50 
kPa and low flight path angle. The booster was sized using the rocket equation based on a 
Kerosene-LOX rocket with a modest performance of Isp1 = 250 sec. and a conservative structural 
mass fraction Π=>?@ = 𝑚𝑚=>?@ 𝑚𝑚@⁄ = 0.1 (where 𝑚𝑚@ = 𝑚𝑚=>?@ + 𝑚𝑚,@; i.e. the mass of stage1).  The 
key parameter to determine is the propellant mass needed to accelerate the fully laden SPARTAN to 
its staging velocity; i.e. mp1.  From the rocket equation: 
 
𝑚𝑚∗@ + 𝑚𝑚=>?@
𝑚𝑚EFE*G
= 𝑒𝑒𝑥𝑥𝑒𝑒 J
−Δ𝑉𝑉@
𝐼𝐼𝐼𝐼𝑒𝑒@𝑔𝑔
P			 
(4.7)
 
where m*1 = m2 + m3 is the payload boosted by the 1st stage (the fully laden SPARTAN vehicle) and 
the total mass of the system is   mtotal = mdry1 + mp1 + m*1.  Multiplying the above equation by mtotal 
and dividing by m1 = mdry1 + mp1 results in: 
 
𝑚𝑚∗@ + 𝑚𝑚=>?@
𝑚𝑚@
=
𝑚𝑚∗@ +𝑚𝑚@
𝑚𝑚@
𝑒𝑒𝑥𝑥𝑒𝑒 J
−Δ𝑉𝑉@
𝐼𝐼𝐼𝐼𝑒𝑒@𝑔𝑔
P 
 
𝑚𝑚∗@
𝑚𝑚@
+ Π=>?@ = Q
𝑚𝑚∗@
𝑚𝑚@
+ 1R 𝑒𝑒𝑥𝑥𝑒𝑒 J
−Δ𝑉𝑉@
𝐼𝐼𝐼𝐼𝑒𝑒@𝑔𝑔
P 
(4.8)
 
After some algebra this leads to: 
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𝑚𝑚@ = 𝑚𝑚=>?@ +𝑚𝑚,@ =
𝑚𝑚∗@ Q1 − 𝑒𝑒𝑥𝑥𝑒𝑒 J
−Δ𝑉𝑉@
𝐼𝐼𝐼𝐼𝑒𝑒@𝑔𝑔
PR
𝑒𝑒𝑥𝑥𝑒𝑒 J
−Δ𝑉𝑉@
𝐼𝐼𝐼𝐼𝑒𝑒@𝑔𝑔
P − Π=>?@
 
(4.9)
 
So: 
 
𝑚𝑚,@ =
𝑚𝑚∗@ Q1 − 𝑒𝑒𝑥𝑥𝑒𝑒 J
−𝛥𝛥𝑉𝑉@
𝐼𝐼𝐼𝐼𝑒𝑒@𝑔𝑔
PR
𝑒𝑒𝑥𝑥𝑒𝑒 J
−𝛥𝛥𝑉𝑉@
𝐼𝐼𝐼𝐼𝑒𝑒@𝑔𝑔
P − 𝛱𝛱=>?@
− 𝑚𝑚=>?@ 
(4.10)
 
The coordinates for the proposed launch site in Cape York Australia were chosen (-12.25° Latitude, 
143.1°Longitude) as the starting location for all simulations.  
 
4.3.2 Trajectory modelling – 2nd Stage 
The flight path of the accelerator is computed using a modified version of the CADAC code. 
CADAC is a set of software modules developed for the numerical simulation of air- and spacecraft 
flight dynamics (Zipfel, 2007). Trajectories are calculated by integrating the equations of motion for 
specified time intervals. At each integration time step, the current aerodynamic, propulsive and 
gravitational forces are computed to update the atmospheric position of the vehicle. In 
MANFRHAD, CADAC is connected to HYPAERO so that the vehicle-specific aerodynamic, 
propulsive and mass properties can be accounted for in the optimisation. 3-DOF ascent trajectories 
are calculated in this instance to assess the performance of the airbreather along a constant-q0. In 
order to do this, an angle-of-attack controller was developed to guide the vehicle along its intended 
flight path.  
For this study three control methodologies have been employed. The baseline controller is a simple 
constant gain PID controller. The second controller is an updated version of the first, except in that 
it includes a gain scaling factor to account for the changing flight conditions along the accelerating 
trajectory. The final is a pole placement controller as outlined in (Preller and Smart, 2015). It must 
be noted that these longitudinal controllers control the dynamic pressure through changes in α of the 
vehicle. This is done because it is not desirable to throttle the engine of an accelerating vehicle 
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where maximum performance is desired. Therefore it is assumed that the α can be changed directly, 
and at a rate faster than the guidance loop, effectively resulting in the vehicle being modelled as a 
point mass. Note that the vehicle pitching moment is accounted for and is set to zero at all times of 
the flight by imposing a balancing elevon moment (with an associated elevon drag penalty). This 
level of analysis is deemed adequate for the preliminary design exploration of the vehicle. 
A. Initial Conditions 
Due to the path-attitude decoupling in hypersonic flight it was found that the controllers were 
sensitive to the initial values of α and the flight path angle (γ) (Blakelock, 1990). Figure 4.3.1 shows 
the free body diagram of the flight vehicle. It was found to be important to set the initial α such that 
the sum of the vertical forces along the flight path is equal to zero: 
 
L(α) + Tsin(α) + mu2/r  - mgcos(γ) = 0 
(4.11)
 
 
Figure 4.3.1: Free body diagram of the vehicle. 
 
The initial 𝛾𝛾 can be calculated noting that for constant 𝑞𝑞W, the rate of change of 𝑞𝑞W should be zero. 
The reduced 3DOF equations can be used to obtain the required 𝛾𝛾: 
ẋ = ucos(γ) 
(4.12)
 
ḣ = usin(γ) 
(4.13)
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u̇ =
Tcos(α) − D(α)
m
− gsin(γ) 
(4.14)
 
And noting that for ?̇?𝑞W to be constant the following must hold, where the time rate of change of 
altitude is non-zero; 
dqW
dh
= 	
d
dh
.
ρu-
2
4 = 	
u-
2
dρ
dh
+ ρu
du
dh
= 0	
du
dh
=
−u
2ρ
dρ
dh
 
(4.15)
 
Now since, 
u = l2qW/ρ 
(4.16)
 
This can be substituted into Eq. (4.15): 
du
dh
= −n
qW
2ρo
dρ
dh
 
(4.17)
 
Eq. (4.17) can be incorporated into Eq. (4.14): 
u̇ =
du
dh
dh
dt
=
Tcos(α) − D(α)
m
− gsin(γ) 
(4.18)
 
 
And substitution of Eqs. (4.13) and (4.17) gives: 
−usin(γ)n
qW
2ρo
dρ
dh
=
Tcos(α) − D(α)
m
− gsin(γ) 
(4.19)
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The above can be solved iteratively, along with Eq. (4.11), to obtain the initial	𝛼𝛼 and 𝛾𝛾. Note that 
dρ/dh was obtained from the 1976 standard atmosphere model inside CADAC. 
4.3.3 Trajectory modelling – 3rd Stage 
The trajectory of the 3rd stage rocket is obtained through two steps. The initial phase of the 
trajectory is simulated with CADAC to capture the atmospheric losses and the final phase is 
calculated using simple Hohmann transfer equations. Following the high dynamic pressure staging 
from the SPARTAN it is assumed that the rocket can be deployed and manoeuvred to a α of 10°. The 
initial flight path angle is the same as that of the 2nd stage vehicle. The motor is then ignited for an 
aero assisted pull up with the burn time based on the requirement to coast to a 𝑞𝑞W of 10Pa. This is an 
iterative process. Once this condition has been met the heatshield is discarted and the rocket is 
allowed to coast to apogee. This phase ends the CADAC trajectory simulation of the rocket stage 
and represents orbit number 1 in Figure 4.3.2 below.  
 
 
 
Figure 4.3.2: Orbits used by the 3rd stage to reach the SSO. 
 
Figure 4.3.2 shows the various orbits that the 3rd stage progresses through to ultimately reach the 
desired SSO. The orbits depicted are: 
1. Elliptical orbit reached at the end of the CADAC trajectory simulation, 
2. Circular LEO, with an altitude equal to the apogee of orbit 1 above, 
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3. The Hohmann transfer orbit, and 
4. The SSO of 566.89km altitude. 
There are three burn phases required to achieve the mission. The first delta velocity required to 
insert the rocket into a circular LEO, after its coast to elliptical apogee simulated inside CADAC, is 
obtained through: 
 
∆𝑉𝑉@- = n
𝜇𝜇
𝑟𝑟-
− 𝑉𝑉@ 
(4.20)
 
Where; 
𝜇𝜇 = 	Standard	Gravitational	Parameter	for	Earth, 3.987x10@É	𝑘𝑘𝑚𝑚o𝐼𝐼Ö- 
𝑟𝑟- = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐼𝐼	𝑜𝑜𝑜𝑜	𝑜𝑜𝑟𝑟𝑜𝑜𝑅𝑅𝑜𝑜	2	𝑜𝑜𝑟𝑟𝑜𝑜𝑚𝑚	𝑜𝑜ℎ𝑒𝑒	𝑐𝑐𝑒𝑒𝑐𝑐𝑜𝑜𝑒𝑒𝑟𝑟	𝑜𝑜𝑜𝑜	𝐸𝐸𝑅𝑅𝑟𝑟𝑜𝑜ℎ 
 
After the circular orbit has been established a second burn phase is used to achieve the Hohmann 
transfer velocity. This is followed by the final insertion burn phase when the rocket reaches the 
desired altitude. The required delta velocities can be obtained from the standard Hohmann transfer 
orbit equations: 
 
∆𝑉𝑉-o = n
𝜇𝜇
𝑟𝑟-
	ìn
2𝑟𝑟É
𝑟𝑟- + 𝑟𝑟É
− 1î 
 
∆𝑉𝑉oÉ = n
𝜇𝜇
𝑟𝑟É
	ì1 − n
2𝑟𝑟-
𝑟𝑟- + 𝑟𝑟É
î 
(4.21, 4.22)
 
Where; 
𝑟𝑟É = 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝐼𝐼	𝑜𝑜𝑜𝑜	𝑜𝑜𝑟𝑟𝑜𝑜𝑅𝑅𝑜𝑜	4	𝑜𝑜𝑟𝑟𝑜𝑜𝑚𝑚	𝑜𝑜ℎ𝑒𝑒	𝑐𝑐𝑒𝑒𝑐𝑐𝑜𝑜𝑒𝑒𝑟𝑟	𝑜𝑜𝑜𝑜	𝐸𝐸𝑅𝑅𝑟𝑟𝑜𝑜ℎ 
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Thus the total velocity gain for the mission is known and the required propellant is obtained. 
Payload mass is then calculated based on the remainder mass when orbit is reached. 
 
Aerodynamic coefficients for the 3rd stage are obtained from an aero deck generated with Missile 
Datcom using the 3rd stage from the baseline SPARTAN as a reference model. The Aero deck can be 
found inside Appendix C. Note that the reference area used for the aerodynamic model is the frontal 
area. This is common practice for missiles and rockets because: 
1) drag is mainly from frontal area, 
2) lift is mainly from the nose cone of the rocket and from engine “vectored” by α, and 
3) the cylindrical sleeve contributes very little to the lift. 
4.4 Optimisation module 
In MANFRAD the optimised vehicle within the design space is obtained by using the simplex 
algorithm by Nelder & Mead (1965). This method has been shown to converge rapidly for complex 
problems (Lagarias et al., 1998) and has been applied successfully to a number of Hypersonic based 
optimisation problems (O’Neill and Lewis, 1993; Bowcutt, 1992). A major advantage is that it only 
needs values of the function at the simplex vertices which will then contract, expand, reflect and/or 
shrink to converge on to the optimum. However, there are limitations to the algorithm that may 
cause convergence in the proximity of a local rather than global minimum. It was also found that 
the algorithm struggled to cope with the non-continuous nature of the 7-Dimensional (7-D) design 
space due to regions where the vehicles were non-viable due to a lack in performance required to 
complete the desired mission or could simply not be trimmed for pitch in the given configuration.  
Despite the above, it was desired to continue using the Nelder & Mead algorithm due to its 
simplicity and effectiveness. This was achieved by making the optimisation method a two-step 
process. Step 1 involves the use of FFD matrix containing parameter sets for all of the possible 
vehicle geometry combinations, to search the design space to identify the location of the local 
optimums (Forrester et al., 2008; McClinton et al., 2002). Step 2 involves using the parameter set 
that corresponds to the global optimum in the FFD search as the starting point for a true global 
optimum.  Thus, step 1 of the process is assumed to supply an estimate of the global optimum, and 
step 2 refines this estimate using an efficient local optimisation technique.  
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In order to visualise the results of the 7-D FFD design space results a surrogate model was obtained 
by using the DACE kriging Matlab toolbox (Lophaven et al., 2002). Kriging is a surrogate 
modelling technique made popular in the field of Geostatistics (Kleijnen, 2009). It functions by 
having exact fits to a model for known solutions and interpolated between them based on a 
weighted average of other known values in the vicinity of the desired solution. It was found to result 
in reasonably accurate models of the complex design space however the models were not accurate 
enough to be used as an optimisation tool, thus it was only used as a visualisation aid. An example 
of one of the 7-D visualisation plots can be found inside Chapter 6 (Fig. 6.1.1). Numerous contour 
plots are used to show the desired performance variations with one design parameter vs another 
with the remaining design parameters fixed at the values obtained for the best resulting vehicle from 
the FFD study.  
Although this 2-step optimisation method may seem laborious, it is very effective for non-linear and 
non-continuous systems such as this one as it ensures that the optimisation does not converge to a 
local optimum in a region of the design space well away from the global optimum. And an added 
benefit is that the FFD results coupled with the 7-D visualisation gives the designer an invaluable 
intuition to design rather than just waiting for the optimisation process to return a single “optimal” 
vehicle design. 
4.5 Vehicle Performance Objectives 
For any vehicle optimisation problem the choice of performance objectives is crucial to obtain the 
desired outcome. This section will present and discus the five performance objectives investigated 
in this study.  
4.5.1 Mach number 
This parameter is used to assess the performance of the HAAV as a pure accelerator. The desired 
outcome is to maximize the delta velocity achievable by the 2nd stage vehicle. An undesirable side 
effect is that it does not take into account the 3rd stage vehicle other than for its mass. Jazra (2010) 
found that it is not a good performance objective as other aspects of the system have a large impact 
on the final outcome to deliver a payload into orbit. It was included to investigate just how 
important the final Mach number of the 2nd stage vehicle is as part of a system to launch satellites 
into orbit. 
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4.5.2 Payload mass fraction 
The goal of this performance parameter is to maximise the payload mass fraction (PLMF) of the 
rocket-scramjet-rocket system.  PLMF in its simplest form can be given by: 
 
𝑃𝑃𝐿𝐿𝑃𝑃𝑃𝑃 =	
𝑚𝑚∗
𝑚𝑚EFE*G
 
 (4.25)
 
Where, 
𝑚𝑚EFE*G = 	𝑚𝑚@ + 𝑚𝑚- + 𝑚𝑚o + 𝑚𝑚∗ 
(4.26) 
The performance of the HAAV affects the launch system PLMF in numerous ways. For instance a 
reduction in the size of the HAAV reduces the mass of the 1st stage rocket as it needs less propellant 
to boost the lighter 2nd stage to its starting conditions; however the smaller 2nd stage has a smaller 
3rd stage with potentially less payload which may override the benefits of a reduced launch system 
mass. On the other hand an increase in the size of the HAAV results in an increased launch system 
mass with a potential increase in payload mass, which may or may not result in an increased PLMF. 
These examples do not even take the individual vehicles’ performances into account. Thus, even 
though the PLMF performance objective seems simple at first glance it is clear that there are many 
competing factors which play a role in the final outcome. 
 
4.5.3 Equivalent effective specific impulse 
A performance indicator frequently used for aerospace propulsion is the specific impulse (Isp), it 
gives the impulse per unit fuel consumed by the engine and is known for its use in the classic rocket 
equation (Kerrebrock, 1992); 
∆𝑉𝑉ô=ö*G = 𝑔𝑔	𝐼𝐼𝐼𝐼𝑒𝑒	𝑙𝑙𝑐𝑐
𝑃𝑃@
𝑃𝑃-
 
(4.27) 
Where, 
∆𝑉𝑉ô=ö*G 	𝑅𝑅𝐼𝐼	𝑜𝑜ℎ𝑒𝑒	𝑅𝑅𝑅𝑅𝑒𝑒𝑅𝑅𝑙𝑙	𝑣𝑣𝑒𝑒𝑙𝑙𝑜𝑜𝑐𝑐𝑅𝑅𝑜𝑜𝑦𝑦	𝑅𝑅𝑐𝑐𝑐𝑐𝑟𝑟𝑒𝑒𝑚𝑚𝑒𝑒𝑐𝑐𝑜𝑜,𝑃𝑃@	𝑅𝑅𝐼𝐼	𝑜𝑜ℎ𝑒𝑒	𝑅𝑅𝑐𝑐𝑅𝑅𝑜𝑜𝑅𝑅𝑅𝑅𝑙𝑙	𝑚𝑚𝑅𝑅𝐼𝐼𝐼𝐼	𝑅𝑅𝑐𝑐𝑅𝑅	𝑃𝑃-𝑅𝑅𝐼𝐼	𝑜𝑜ℎ𝑒𝑒	𝑜𝑜𝑅𝑅𝑐𝑐𝑅𝑅𝑙𝑙	𝑚𝑚𝑅𝑅𝐼𝐼𝐼𝐼. 
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The use of Isp in flight vehicle performance calculations is not preferred because it does not include 
the effect of drag or gravity. A better alternative is the use of the equivalent effective specific 
impulse, Isp*, as outlined by Sheperd (1972). It is likened to the classic Isp but is compensated for 
drag and gravity losses and represents a mean value over a flight trajectory; 
 
∆𝑉𝑉*"Eù*G = 𝑔𝑔	𝐼𝐼𝐼𝐼𝑒𝑒∗	𝑙𝑙𝑐𝑐
𝑃𝑃@
𝑃𝑃-
 
(4.28) 
It is a powerful parameter that is representative of actual flight conditions and allows for a 
meaningful comparison between different propulsion systems such as rockets and scramjets. Isp* is 
derived and given by Sheperd (1972) as; 
 
𝐼𝐼𝐼𝐼𝑒𝑒∗ =
1
J
1
𝐼𝐼ö22
P
ûûûûûûû	 
(4.29) 
Where Ieff is the effective specific impulse, or the specific impulse compensated for drag and gravity 
losses, given by: 
 
𝐼𝐼ö22 = 𝐼𝐼𝐼𝐼𝑒𝑒 J1 −
𝐷𝐷
𝑇𝑇
−
𝑃𝑃𝑔𝑔
𝑃𝑃°𝑔𝑔"
𝑐𝑐𝑜𝑜𝐼𝐼𝑐𝑐P 
(4.30) 
Furthermore the drag can be broken down to: 
 
𝐷𝐷 =	𝐷𝐷W + 𝐷𝐷£,			𝑜𝑜𝑜𝑜𝑟𝑟	𝑜𝑜ℎ𝑒𝑒	𝑜𝑜𝑟𝑟𝑅𝑅𝑚𝑚𝑚𝑚𝑒𝑒𝑅𝑅	𝑐𝑐𝑅𝑅𝐼𝐼𝑒𝑒 
(4.28)
 
Where, 
D0 is the vehicle drag and DT is the drag due to trim (E.g. elevon trim drag) 
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In this study the objective parameter of maximizing the Isp* of the HAAV across the accelerating 
trajectory will be included to see what impact the requirement for the HAAV to be pitch trimmed 
has on the performance of the HAAV and in turn on the launch system. This performance objective 
may not necessarily minimise drag, however it is hoped that the drag can be reduced by a vehicle 
planform shape optimised to give minimum pitch trim, thereby increasing the Isp*. Another 
possible outcome may be a HAAV with great Isp* but with large trim drag.  
 
4.5.4 Flight averaged absolute pitching moment 
The goal of this parameter is to find a HAAV with small elevon trim requirement across the 
accelerating trajectory in order to better understand the impact of pitch trim on the performance of a 
HAAV as part of a space access stage. It is obtained by averaging the absolute elevon pitching 
moment across the trajectory: 
 
𝐴𝐴𝑃𝑃𝑃𝑃ûûûûûûû = 	
∑ |𝑃𝑃𝑃𝑃ß|
E®
E©W
𝑜𝑜-
𝑐𝑐
 
(4.32) 
Where,  
𝐴𝐴𝑃𝑃𝑃𝑃 = 𝐴𝐴𝑜𝑜𝐼𝐼𝑜𝑜𝑙𝑙𝑅𝑅𝑜𝑜𝑒𝑒	𝑃𝑃𝑅𝑅𝑜𝑜𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑔𝑔	𝑃𝑃𝑜𝑜𝑚𝑚𝑒𝑒𝑐𝑐𝑜𝑜, 𝑃𝑃𝑃𝑃ß = 𝐸𝐸𝑙𝑙𝑒𝑒𝑣𝑣𝑜𝑜𝑐𝑐	𝑃𝑃𝑅𝑅𝑜𝑜𝑐𝑐ℎ𝑅𝑅𝑐𝑐𝑔𝑔	𝑚𝑚𝑜𝑜𝑚𝑚𝑒𝑒𝑐𝑐𝑜𝑜, 𝑜𝑜-
= 2𝑐𝑐𝑅𝑅	𝐼𝐼𝑜𝑜𝑅𝑅𝑔𝑔𝑒𝑒	𝑜𝑜𝑙𝑙𝑅𝑅𝑔𝑔ℎ𝑜𝑜	𝑜𝑜𝑅𝑅𝑚𝑚𝑒𝑒, 𝑐𝑐 = 𝐼𝐼𝑅𝑅𝑚𝑚𝑅𝑅𝑙𝑙𝑅𝑅𝑜𝑜𝑅𝑅𝑜𝑜𝑐𝑐	𝑜𝑜𝑅𝑅𝑚𝑚𝑒𝑒	𝐼𝐼𝑜𝑜𝑒𝑒𝑒𝑒 
 
Other than for potential performance gains this parameter may become important if the elevon input 
of a HAAV needs to be minimised for physical limitations such as avoiding excessive temperature 
build-up of deflected elevons for extended periods of time. Flight averaged PM was investigated 
instead of just maximum PM. In terms of acceleration performance the flight integrated drag could 
be significant if only the maximum PM was considered. Whereas the flight integrated drag from a 
large initial PM that quickly tappers down towards zero could be far more beneficial to drag 
reduction overall. 
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4.5.5 Airbreather space access performance parameter 
In this study it was found that the PLMF optimised vehicle resulted in a vehicle where mass 
minimisation of the vehicle components resulted in component performance sacrifices. It is 
suggested that for a reusable system it might be beneficial to optimise for a performance parameter 
where vehicle performance in terms of Isp* and pay load into orbit are both accounted for. It is 
important to note that for a parameterised vehicle having a high Isp* does not necessarily result in a 
high pay load as the vehicle may not have an ideal payload configuration. As such, the Airbreathing 
space access performance parameter (ASAPP) was investigated. This parameter maximise HAAV 
performance in terms of Isp* and payload mass into orbit while minimizing the mass of the overall 
system. Therefore it accounts for trim drag, as part of overall vehicle drag, but it does not prioritise 
it exclusively like the APM vehicle. It is given by: 
 
𝐴𝐴𝐴𝐴𝐴𝐴𝑃𝑃𝑃𝑃 =	
´¨,∗	E®	≠∗	
≠®	ÆØ∞
       
(4.33)
 
Where, 
𝐼𝐼𝐼𝐼𝑒𝑒∗ = 𝑒𝑒𝑜𝑜𝑜𝑜𝑒𝑒𝑐𝑐𝑜𝑜𝑅𝑅𝑣𝑣𝑒𝑒	𝑒𝑒𝑞𝑞𝑅𝑅𝑅𝑅𝑣𝑣𝑅𝑅𝑙𝑙𝑒𝑒𝑐𝑐𝑜𝑜	𝐼𝐼𝑒𝑒𝑒𝑒𝑐𝑐𝑅𝑅𝑜𝑜𝑅𝑅𝑐𝑐	𝑅𝑅𝑚𝑚𝑒𝑒𝑅𝑅𝑙𝑙𝐼𝐼𝑒𝑒, 𝑜𝑜- = 2𝑐𝑐𝑅𝑅	𝐼𝐼𝑜𝑜𝑅𝑅𝑔𝑔𝑒𝑒	𝑜𝑜𝑙𝑙𝑅𝑅𝑔𝑔ℎ𝑜𝑜	𝑜𝑜𝑅𝑅𝑚𝑚𝑒𝑒,	 
	𝑚𝑚∗ = 𝑒𝑒𝑅𝑅𝑦𝑦𝑙𝑙𝑜𝑜𝑅𝑅𝑅𝑅	𝑚𝑚𝑅𝑅𝐼𝐼𝐼𝐼, 𝑅𝑅𝑐𝑐𝑅𝑅	𝑚𝑚-±öE = 𝐺𝐺𝑟𝑟𝑜𝑜𝐼𝐼𝐼𝐼	𝑚𝑚𝑅𝑅𝐼𝐼𝐼𝐼	𝑜𝑜𝑜𝑜	2𝑐𝑐𝑅𝑅	𝐼𝐼𝑜𝑜𝑅𝑅𝑔𝑔𝑒𝑒 
 
Note that even though 1st stage mass is not included for in the above equation, it is accounted for in 
the fact that a heavier 2nd stage will result in a heavier 1st stage and vice versa. (Valid because of the 
fixed 2nd stage starting condition.). It is suggested that the ASAPP may be a useful optimisation 
objective parameter for the design of a reusable HAAV as part of a multi stage space access system. 
4.6 Summary 
This chapter presented the MDO system developed to optimise the 2nd stage airbreathing 
accelerator. A detailed description of each module of the MDO system was given particularly 
drawing attention to the upgrades that were made for a meaningful pitch trim study. This included 
the introduction of key vehicle geometry design parameters that would impact on the longitudinal 
trim, refining the vehicle mass model, aerodynamic module updates such as introducing a 2D aft 
body exhaust expansion model plus elevon force and pitching moment inclusions and trajectory 
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simulation. The chapter concluded with the presentation and discussion of the performance 
parameters used as optimisation objectives in this study. The next chapter will introduce the 
Baseline vehicle used in this study.  
CHAPTER 5 
 
Baseline Vehicle 
 
Thus far the MDO package MANFRHAD was introduced along with a description of the intended 
mission of delivering a payload to a SSO launching from Cape York Australia. In this Chapter a 
baseline vehicle will be introduced. It is intended that this vehicle will be used for comparison 
purposes in the optimisation section (Chapter 6). A description of the vehicle geometry will be 
given along with a detailed system and mass breakdown. The performance of the vehicle will be 
assessed using MANFRHAD which will include a trajectory simulation as well as a drag and 
pitching moment breakdown. The Chapter will conclude with the analysis of the 3rd stage trajectory 
following the payload all the way to the desired SSO of 566.89 km altitude. 
5.0 Baseline vehicle design and performance 
I	Geometry	&	mass	
A driver behind the choice of the winged cone vehicle layout was that the shape lends itself to easy 
parameterisation of the vehicle configuration. As discussed inside Chapter 4 the vehicle geometry is 
fully defined by seven design parameters. These are (i) the forebody half angle, Φ, (ii) the 
maximum forebody camber amount, Ca, and (iii) the maximum camber position along the forebody, 
Cp, (iv) the boat tail half angle, Χ, (v) the wing half span, s, (vi) the wing incidence angle, iw, and 
(vii) the engine inlet capture width, wcap. The values chosen for these design parameters for the 
baseline can be found in Table 5.0.1 below. 
 
Table 5.0.1: 2nd stage vehicle geometry parameters. 
Parameters	
F	 CA	 CP	 C	 s	 iw	 wcap	
[deg]	 [m]	 [%]	 [deg]	 [m]	 [deg]	 [m]	
5.0	 0.0	 -	 14.0	 4.45	 0.0	 0.65	
 
Since this vehicle is to be used for comparison purposes, values for the baseline’s geometry 
parameters where chosen to be in the middle of the optimisation design search space, which will be 
covered in more detail in the next Chapter. Since a focus of the study is to investigate the pitching 
moment or trim contributions of the vehicles components, the baseline’s forebody camber 
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parameters were set to values so that they have no influence on the shape of the forebody. For the 
same reason the wing incidence angle was set to zero degrees.  
 
Views of the baseline can be found in Figure 5.0.1. The vehicle configuration shows typical 
characteristics of a hypersonic accelerator with its pointed slender fuselage, tightly integrated 
engines and swept back delta wings. The cylindrical fuselage offers practical volume for payload 
stowage and systems integration and forms part of the reasoning behind the choice of a winged cone 
layout versus a waverider type configuration. It can be seen that the engine capture width of 0.65 m 
required that the engines are positioned with the inlets on the forebody, slightly upstream from the 
start of the centre body. The engine length dictates that the centre body has a length of 8.83 m and 
an overall fuselage length 22.94 m. The boat tail angle of 14.0o results in a boat tail length of 2.11 m 
giving a nice expansion surface for the scramjet exhaust gasses. The wing half span of 4.45 m 
provides a generous surface area for lift generation. The centre of gravity was located 16.61m along 
the fuselage axis line. 
	
	
 
 
Figure 5.0.1: Side and Bottom views of the baseline SPARTAN.	
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With the vehicle geometry known the fuel tanks and 3rd stage can be sized. The centre body length 
of 8.83 m resulted in the two cylindrical tanks inside the centre body each containing a volume of 
5.595 m3. The layout of the 3rd stage and forebody allowed for a truncated conical fuel tank in the 
nose with a volume of 2.82 m3. Consequently giving an all up fuel volume of 14.01 m3 and 
therefore a fuel mass of 994.7 kg. The piggy back position of the upper stage allowed for an 11.8 m 
long 3rd stage. This length was used to size the components of the upper stage. Table 5.0.2 below 
contains a breakdown of the 3rd stage dimensions. These dimensions were then used along with the 
mass model in MANFRHAD to obtain a mass or 2849.9 kg for the 3rd stage (see Chapter 4 for sizing 
and mass model of the 3rd stage). This value was used as a pre-trajectory starting mass for the 3rd 
stage. In other words a trajectory was flown assuming this to be the mass of the 3rd stage and once 
the desired orbit has been reached, the excess mass could be contributed to the payload. A post 
trajectory 3rd stage mass breakdown will be given at the end of the Chapter. 
 
Table 5.0.2: 3rd stage dimensions all in meters. 
L3 D3 Leng LLOX LLH2 L* D* 
11.80 1.05 1.59 2.08 5.00 0.89 0.79 
 
 
The mass model inside MANFRHAD was used to obtain a mass breakdown for the baseline 
accelerator which can be found in Table 5.0.3. It can be observed that the fully laden vehicle has a 
total mass of 8755.1 kg, which includes the 2849.9 kg 3rd stage and the 994.7 kg fuel load. The 
stage fuel mass fraction came out at 11.4 %. The mass of the reusable vehicle that returns to land is 
4910.5 kg or 56.1% which is significant. 
 
Table 5.0.3: Mass breakdown of the fully laden baseline vehicle (including 3rd stage with payload). 
  Fuselage Wings Tank Systems Landing gear 
Mass [kg] 2861.6 350.7 132.8 707.5 188.9 
Mass fraction [%] 32.7 4.0 1.5 8.1 2.2 
        Scramjets Fuel Payload m2(reusable) m2 + m3 
Mass [kg] 669.0 994.7 2849.9 4910.5 8755.1 
Mass fraction [%] 7.6 11.4 32.6 56.1 100.0 
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II	Trajectory	&	Performance	
The aerodynamics and engine performance was obtained through MANFRHAD and the trajectory 
simulated with CADAC. Time histories of α, flight path angle (γ), altitude (h) and flight Mach 
number (M0) along the trajectory are given in Figure 5.0.2a. It can be seen that the first stage 
booster delivers the accelerator to M0 = 6.0 and q0 = 50 kPa, which corresponds to an altitude of h = 
26.67 km.  The vehicle aerodynamics and the engine thrust resulted in an initial vehicle angle of 
attack of α = 4.86o and an initial flight path angle of γ = 1.31o to maintain q0 = 50 kPa based on 
Equation 4.11. The vehicle α is then adjusted along the flight trajectory by the flight controller to 
maintain constant dynamic pressure.  
It can be observed that the vehicle accelerates rapidly from Mach 6 gaining altitude while 
maintaining approximately a constant γ and α.  At t = 46 s the vehicle has reached M0 = 7.0, at this 
point the flight path angle slowly reduces, as does the rate of acceleration of the vehicle.  The 
second stage trajectory finishes at t = 220 s when the hydrogen fuel is exhausted.  This occurred at 
an altitude of h = 32.60 km at a Mach number of M0 = 9.34 resulting in a ground range of 528 km. 
Figure 5.0.2b shows the time histories of the thrust (T), lift (L) and drag (D) forces on the vehicle, 
as well as the Isp of the engines and Ispnet for the vehicle. At staging, the engines have a high 
specific impulse of Isp = 2365 s, with an vehicle net specific impulse of Ispnet = 1492 s, which is 
significantly above that of a rocket.  As the vehicle accelerates the Ispnet slowly decreases to a final 
value of 439 s. The reduction in Ispnet is due to the decreasing thrust as the Mach number increases 
with the drag force remaining relatively constant throughout because α is reducing. The flight Isp* 
was 888.7 s. Peak thrust of 102.7 kN was obtained near Mach 7.0 as the equivalence ratio reached 
1.0. The L/D of the vehicle remained at levels between 1.94 and 2.05 throughout with the vehicle 
flying at angles of attack between 3.93o and 4.86o.  
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(a) 
	
(b) 
 
(c) 
Figure 5.0.2: Flight trajectory plots for the baseline vehicle.	
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III	Longitudinal	trim	
This section examines the Pitching Moment (PM) contribution and forces from the elevons used as 
a tool to assess the trim of the vehicle. Figure 5.0.2c plots the time histories of the elevon pitching 
moment (PME), drag (DE), lift (LE) and deflection angle (δ) during the flight. Note that DE and LE 
are shown as a percentage of the vehicle’s total drag and lift. Initially the elevons have a deflection 
of 10.64o down giving a PME of -147.47 kNm (nose down) which is used to trim the vehicle for 
zero PM. The deflection steadily increased to a final δ of 12.18o with a corresponding PME of -
128.73 kNm. It can be seen that for this vehicle the PME is relatively constant with a flight average 
of -131.01 kNm. The initial elevon drag contribution is 14.27 % (5.13 kN), and lift is 18.82 % 
(13.90 kN), both increasing to 14.54 % and 20.98 % respectively at the end of the flight. Thus it 
must be noted that as well as producing trim drag, the elevons also contribute positively to the lift 
force acting on the vehicle. 
Figure 5.0.3 contains example plots of vehicle component level PM contributions to the overall PM 
of the vehicle for variation in Mach number (a), and for variation in α (b). Figure 5.0.3a was 
obtained with α fixed at 2o, as will be done for all future plots of this type to aid in easy comparison 
between vehicles. It can be seen that the main contributors to the PM is the fuselage, boat tail 
expansion and engine thrust. The wing and scramjet shell have the smallest PM contributions due to 
the centroids being so close to the CG. For an increase in flight Mach number from M0 = 6.0 to M0 = 
12.0, the fuselage PM steadily increases from 72.59 kNm to 100.59 kNm, and the thrust PM 
steadily decreases from 44.46 kNm to 5.87 kNm. The aftbody nozzle has a PM of -51.93 kNm at M0 
= 6.0, that steadily decreases to -30.95 kNm at M0 = 12.0. It can be seen that the minimum PME for 
the vehicle to be pitch trimmed occurs at M0=8.0 and is equal to -45.08 kNm; in other words, for 
flight at α = 2o, elevon trim is required throughout the entire Mach range. Overall there is little PM 
change with a change in Mach number as the PM increases in fuselage and boat tail nozzle 
expansion offset the decrease in thrust.  
Figure 5.0.3b was obtained with Mach number fixed at M0 = 6.0, chosen because it represents the 
starting conditions for all vehicle trajectories investigated and makes for a good reference point. It 
can be seen that for flight at M0 = 6.0 the PME increases rapidly from a minimum of 48.23 kNm at α 
= 2o to a maximum of 205.70 kNm at α = 6o. It can also be seen that the fuselage is the main driver 
behind the rate of change in PM for changes in α. Wing and the boat tail expansion PM 
contributions are the main opponents to the fuselage PM. In terms of PM the lowest α is the best but 
the constant dynamic pressure requirement dictates the alpha schedule.  
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(a) 
 
(b) 
Figure 5.0.3: Component level pitching moment breakdown. a) Over Mach number with α=2.0o, b) Over α with M0=6.0 
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IV	Drag	breakdown	
Drag minimisation for any flight vehicle is an important design aspect; therefore this section 
investigates the drag breakdown for the baseline. The drag breakdown can be seen in Figure 5.0.4. 
The plot shows drag and thrust data for a range of α’s at a fixed flight Mach number of Mach 10. 
Chosen because for most of the vehicles investigated in this work it represents the flight condition 
where the net thrust becomes negative and thus illustrates where and why acceleration performance 
is limited. The first three bars show the drag on the fuselage (F), scramjets (S) and wings (W) each 
broken down into viscous and inviscid forces. The fourth bar shows the drag force from the elevons. 
The fifth bar shows the thrust (T) breakdown in terms of internal thrust generation (obtained from 
the propulsion database) and thrust obtained from the expansion of the exhaust gasses on the boat 
tail bottom surfaces. The last bar shows the net thrust (Tnet) obtained from the vehicle.  
It can be observed that as α increases the drag from the fuselage, scramjets and wings increases as 
does the thrust. The thrust improvement is due to the higher process angle of the freestream flow 
increasing the mass capture as α increases. The fuselage has the highest drag due to its bulky shape 
which is required for fuel and payload storage. The drag forces on the scramjets are low because it 
is the drag on the external skin only; the internal drag is accounted for in the internal thrust. As 
expected at lower α the drag on the wing is predominantly due to viscous forces due to the slender 
shape. As α increases so too does the inviscid forces. A similar trend is shown on the scramjets and 
fuselage, but to a lesser extent. It can be observed that the elevon drag increases significantly with 
an increase in α. 
Thrust from the boat tail expansion is significant and on average contributes around 17 % of the 
total thrust. It can be noted that for flight at Mach 10 the vehicle has a negative net thrust at α = 6o. 
More important it can also be noted that a reduction of 33 % of the elevon drag alone can yield a 
positive net thrust. This shows the impact that trim drag can have on a vehicle. Plots for flight Mach 
numbers of 6 and 8 can be found in Appendix D. 
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Figure 5.0.4: Drag and thrust breakdown for the baseline vehicle at Mach 10. 
 
V	3rd	stage	trajectory	
It was shown that the baseline vehicle accelerated the 3rd stage to Mach 9.34. The trajectory of the 
3rd stage will now be presented. As discussed inside Chapter 4 the initial phase of the 3rd stage’s 
trajectory is simulated with CADAC to capture the atmospheric losses. The final phase is calculated 
using simple Hohmann transfer equations. The trajectory can be seen in Figure 5.0.5, and the results 
are summarised in Table 5.0.4. 
 
 
Figure 5.0.5: 3rd stage trajectory, coasting to apex before the Hohmann transfer manoeuvre. 
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Following the high dynamic pressure staging from the SPARTAN the rocket motor burned for 84.7 
s, consuming 1245.8 kg of propellant. The 3rd stage was set to an α of 10o which was constant 
throughout and enabled the stage to rapidly increase its altitude. The burn time was dictated by the 
requirement for the 3rd stage to coast to a dynamic pressure of 10 Pa. Once at 10 Pa, 172.2 s into the 
3rd stage’s flight, the 302.8 kg heatshield was discarted and the rocket was allowed to coast to an 
apogee of 94.5 km. This phase ended the CADAC trajectory simulation of the rocket stage and the 
remainder of the trajectory to SSO was calculated through simple astrodynamic equations. This 
involved a circularisation burn, a Hohmann transfer burn and another circular orbit insertion burn. 
In total after staging the 3rd stage burned 1922.5 kg propellant to reach the desired SSO of 566.89 
km altitude. Thus from the allocated total mass of 2850 kg, 1922.9 kg was propellant, 344.9 kg was 
structural and engine, 302.8 kg was heat shield. This left a remaining 279.8 kg which is allocated as 
the payload. 
With the mass breakdown known for the 2nd and 3rd stages the 1st stage can now be sized assuming 
a 1:9 structural to propellant mass fraction and a Isp of 250 s as discussed inside Chapter 4. The 
mass breakdown for the entire launch stack is summarised in Table 5.0.4. For this example the total 
launch stack mass came in at 20,712.7 kg, giving a payload mass fraction of 1.35%.  
 
Table 5.0.4: Launch stack mass breakdown. 
 mstr mprop mtotal 
 [kg] [%] [kg] [%] [kg] [%] 
Stage 1 1195.8 10.0 10761.9 90.0 11957.6 100.0 
Stage 2 4910.5 83.2 994.6 16.8 5905.1 100.0 
Stage 3 344.9 12.1 1922.5 67.5 2850.0# 100.0 
Total    20712.7  
# Includes the 302.8kg heat shield (10.6 %) and 279.8 kg payload mass (9.8 %) 
 
VI	Summary	
This chapter introduced the baseline vehicle and presented its performance which is summarised in 
Table 5.0.5 below. It was found that the baseline delivered a 2850 kg 3rd stage to a Mach number of 
9.34 which ultimately delivered a 279.8 kg payload into the desired SSO. This resulted in a 1.35 % 
payload mass fraction which is favourable to a rocket only launch system of the same scale. It must 
be noted that the baseline vehicle only required a 16.8% fuel mass fraction, which is much better 
than the typical 90% propellant mass fraction for rockets. The reusable airbreathing stage made up 
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23.71% of the total system mass. It was shown that the baseline required elevon trim throughout the 
entire flight and that the drag from the elevons (due to trim) can contribute a significant amount to 
the total drag on the vehicle.  So much that if the trim drag could be reduced, the vehicle may still 
be able to produce a net thrust for higher angle of attacks and Mach numbers. Clearly there could be 
benefits to optimising the vehicle’s geometry to reduce the amount of required elevon trim. 
However, such a change may be detrimental in other aspects. This will be investigated in the next 
Chapter with the presentation of the optimised vehicles and by comparing their performance to that 
of the baseline. 
 
Table 5.0.5: Performance data for the baseline vehicle. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 Time	 Launch	stack	
mass	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [s]	 [kg]	
Baseline	 9.34	 1.351	 888.7	 131.011	 6244	 219.9	 20,712.7	
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CHAPTER 6 
 
Optimisation of the HAAV vehicle 
 
The previous Chapter introduced the baseline vehicle. This Chapter will present the optimisation 
results of the SPARTAN vehicle for each of the performance parameters as given in Chapter 4. The 
optimisation objectives are repeated here for convenience, they are to: 
1. Maximise flight Mach number (Sec. 6.2), 
2. Maximise payload mass fraction (Sec. 6.3), 
3. Maximise flight Isp* (Sec. 6.4), 
4. Minimise flight averaged absolute pitching moment (Sec 6.5) &, 
5. Maximise airbreathing space access performance parameter (Sec. 6.6). 
 
First a short overview of the optimisation process will be given including global and local 
optimisation. This will be followed by the optimised vehicles and their respective performances. A 
brief description of the vehicle will be given and performance will be analysed through trajectory 
simulation data. An overview of the drag breakdown will be given and the trim performance will be 
analysed. The results will follow the same layout as that introduced for the baseline, therefore it is 
important to refer to Chapter 5 for a detailed description of what is shown in the plots. It must be 
emphasised that all the optimisations are based around the very specific mission profile of 
delivering a payload into a SSO of 566.89 km altitude as covered inside Chapter 3. In an attempt to 
manage the size of the vehicles and for fair comparison between vehicles, the scale was set by 
fixing the centre body radius at 1.05m and constant freestream dynamic pressure trajectories of 
50kPa were flown.  
6.0 Optimisation Procedure 
As discussed in Chapter 4 the optimisation of a vehicle is a two-step procedure. First the design 
space is explored to find the region of best performance. This is then used as a starting point to 
locate the local optimum in this region. Ultimately locating the global optimum for the entire design 
space. Although this method may seem excessive, it is very effective for highly non-linear systems 
such as this one as it ensures that the optimisation does not converge to a local optimum that is not 
the global optimum.  
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I	Exploration	of	the	Design	space	
The optimisation design space was investigated using a Full Factorial Design (FFD) matrix 
(Forrester et al., 2008; McClinton et al., 2002). The FFD contained parameter sets for all of the 
possible vehicle geometry combinations. The complete optimisation space is summarized in Table 
6.0.1, along with the permitted range for each optimisation variable.  The FFD matrix was 
constructed by taking the midpoint and end points of each parameter and forming vehicle parameter 
sets for all possible combinations for the seven vehicle parameters investigated. This required 2187 
vehicle solutions including their trajectory simulations.  
A Kriging polynomial model was used to aid in visualising the seven dimensional design space 
results (Forrester et al., 2008; Lophaven et al., 2002). Parameter sets that were physically not viable 
or that did not meet the trajectory requirements were assigned a penalty, in order to obtain a 
meaningful model fit.  It is interesting to note that out of the possible 2187 solutions, 892 vehicles 
were not viable. It was found that these vehicles could not be trimmed by elevons alone, or they 
were unable to accelerate due to excess weight or poor integrated performance. Others carried third 
stages that could not actually reach the specified orbit with any payload, i.e. the 2nd stage was able 
to fly the mission but the 3rd stage was incapable of reaching the desired Sun Synchronous Orbit. 
This is typical of the very non-linear nature of air vehicle design.  
 
Table 6.0.1: SPARTAN parameter design space. 
Design Parameters Label Minimum Maximum 
Fuselage     
Forebody half-angle F 4.0° 6.0° 
Forebody Camber Amount Ca 0 m 0.262 m 
Forebody Maximum Camber 
Position 
Cp 50% 100% 
Boat tail top half-angle C 9.5° 18.5° 
     
Wing     
Half Span s 3.4 m 5.5 m 
Incidence Angle iw -2.0° 2.0° 
     
Scramjet     
Inlet capture width wcap 0.55 m 0.75 m 
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As an example, Figure 6.0.1 shows the Kriging model contour plots for the payload mass fraction 
optimisation. The contours show the obtained payload mass fraction for variations in one design 
parameter vs another with the remaining design parameters fixed at the values obtained for the best 
resulting vehicle from the FFD study. These plots were found to be very useful in aiding to 
visualise the 7-D design space. For example, from the plots that investigate the effect of a change in 
boat tail angle, it can be seen that predominantly vehicles with boat tail angles above around 14° 
were unable to fly the trajectory. Presumably because of the associated lift decrease resulting in a 
lack of lift required to fly the mission, or due to a reduction in pitching moment from the boat tail 
countering the typically large fuselage forebody pitching moment resulting in an untrimmable 
vehicle. It can be observed that there exist some exceptions to the above. For example, when the 
wing incidence angle is at 2°, or the engine capture width is around 0.55 m the boat tail angle can 
be at or above 14°. 
 
 
 
Figure 6.0.1: Parameter design space visualisation using Kriging Model. 
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It can be noted from the Kriging model plots that the forebody and boat tail half angles parameters 
were all close to or on the design space limits specified in Table 6.0.1. Therefore for the local 
optimisation these limits were relaxed to allow the optimiser to converge to solutions that may be 
beyond the limits. This was deemed as acceptable as long as no physical constraints were violated.  
 
II	Local	optimisation	
The local optimisations were initiated with the parameter set identified as the maximum within the 
FFD design space search (seed values). Note that the seed values were taken from the FFD matrix 
and not from the Kriging model which was used purely as a visualisation aid. Figure 6.0.2 below 
shows the payload mass fraction optimisation convergence plots for the seven optimisation 
parameters. It shows the parameters on the right hand side vertical axis and the optimisation 
performance parameter on the left hand side vertical axis plotted against the optimisation iteration 
number. The vehicle optimisation was initiated with the seed values and each iteration calculates 
the performance of the vehicle and runs a trajectory for a new set of design parameters until the 
optimisation converges on the optimum. From the plots it can be observed that the parameters vary 
up to around 150 iterations at which point they converge to the final values. The optimisation 
improved the payload mass fraction from 1.530% to 1.556%. Note that due to the multi start local 
optimisation the parameters do not vary much from the seed to the final. As mentioned before the 
global optimisation limits were relaxed to allow more freedom in the local optimisation. Sensible 
choices were made such as restricting the minimum forebody half angle to 4° otherwise the 
forebody would be too slender. Other parameters such as Wcap had natural limits dictated by 
physical constraints. 
 
Table 6.0.2: Vehicle geometry parameters for the optimisation seed and optimised vehicle. 
	 F	 Ca	 Cp	 C	 iW	 s	 wcap	
	 [deg]	 [m]	 [%Lfb]	 [deg]	 [deg]	 [m]	 [m]	
Seed	 6.0	 0.000	 100.0	 9.5	 -2.0	 4.45	 0.75	
Optimised	 6.2886	 0.0353	 96.56	 7.9060	 -1.4614	 4.2367	 0.7459	
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(a) Forebody half angle 
 
(b) Forebody Camber Position and Amount 
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(c) Wing Incidence angle and Half Span 
 
(d) Boat Tail half angle and Scramjet engine inlet capture width 
Figure 6.0.2: Optimisation convergence plots for the Payload Mass Fraction optimised SPARTAN. 
 
The procedure discussed above was utilised to optimise the SPARTAN vehicle for each of the 
desired performance objectives. The resulting vehicles are depicted in Figures 6.0.3 and 6.0.4; they 
show the side views and bottom views of the vehicles respectively. The following sections will 
introduce and study each of these optimised vehicles. Note that the individual optimisation 
processes will not be covered, however the optimisation convergence plots and Kriging model plots 
for all vehicles can be found in Appendix E and F respectively.  
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Figure 6.0.3: Side views of the optimised vehicles. 
 
 
Optimisation Procedure  Section 6.0          92 
 
 
 
 
 
Figure 6.0.4: Bottom views of the optimised vehicles (vehicle cut along symmetry axis). 
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6.1 Mach Number Optimised SPARTAN 
This section presents the vehicle optimised to obtain the maximum flight Mach number. Figure 
6.1.1 below shows the vehicle design and the geometry parameters can be found in Table 6.1.1. 
I	Geometry	&	mass	
In comparison to the baseline the most notable changes for the optimised vehicle are the reduction 
in the cone half angle to 4.0°, the introduction of forebody camber, and the decreased wing size. 
The engine inlet capture width is reduced to 0.56 m and as a result the engine is now located further 
upstream on the forebody leading to a reduction in the centre body length. The vehicle length of 
22.07 m is very similar to the baseline’s length (- 3.79 %), this is due to the longer forebody but 
shorter centre body. The boat tail half angle remains almost unchanged at 14.1°. The wings are 
significantly reduced in size with a half wing span of 3.2 m but there is an increase in the wing 
incidence angle to 1.5°. The centre of gravity was located 16.09m along the fuselage axis line. 
 
 
 
Figure 6.1.1: Side and Bottom views of the optimised SPARTAN vehicle. Note baseline bottom view shown for direct 
comparison. 
 
The vehicle’s mass breakdown is shown in Table 6.1.2. It can be seen that the reduced centre body 
length had a big impact on the mass of the fuel and 3rd stage. The fuel mass was reduced to 789.2 kg 
(- 20.65 %) and the 3rd stage mass was reduced to 1,262.5 kg (- 55.72 %). This contributed 
significantly to the mass reduction of the 2nd stage which is now only 6,111.6 kg (- 30.2 %), much 
lighter than the baseline. Despite the reduced fuel load and engine size the vehicle accelerated to a 
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final Mach number of 9.69 which compares favourably to the baseline’s Mach 9.34. The following 
section will investigate the flight performance of the design in detail. 
 
 
Table 6.1.1: Vehicle geometry parameters. 
Vehicle	 F	 Ca	 Cp	 C	 iW	 s	 wcap	
	 [deg]	 [m]	 [%Lfb]	 [deg]	 [deg]	 [m]	 [m]	
Baseline	 5	 0	 -	 14	 0	 4.45	 0.65	
Mach	 4.0041	 0.3077	 50.81	 14.0646	 1.5275	 3.2041	 0.5551	
 
 
Table 6.1.2: Mass breakdown for the baseline and the optimised vehicle (all values in kg.). 
Vehicle	 m2w	 m2s	 m2p	 m3w	 m3s	 m3p	 m3hs	 m*	 msystem	
Baseline	 8755.1	 4910.5	 994.6	 2850.0	 345.0	 1922.9	 302.8	 279.8	 20712.7	
Mach	 6111.6	 4060.3	 789.2	 1262.5	 202.4	 804.3	 187.8	 68.0	 14458.8	
 
 
II	Trajectory	&	Flight	Performance	
The constant dynamic pressure trajectory time plots can be found in Figure 6.1.2. It can be observed 
that even though the engine size was reduced, and hence thrust, the vehicle still showed strong 
acceleration and reached a higher final speed compared to the baseline. This is assumed to be due to 
the reduced mass and drag from to the overall smaller size of the vehicle. The drag peaked at the 
start of the flight at 27.1 kN this is 24.5 % less than the peak drag of the baseline. The thrust peaked 
at 73.2 kN (- 28.7 %). The L/D of the vehicle remained at levels between 1.86 and 1.94, a slight 
reduction compared to the baseline. 
The vehicle showed strong performance in terms of Ispnet with a peak of 1484 s (- 0.5 %) and an 
Isp* of 847.1 s.  Interestingly upon engine shutdown, after all the on-board fuel was consumed, the 
Ispnet finished at 393.0 s reasonably close to that of the 3rd stage rocket’s 437.3 s. Despite the mass 
reduction and increased wing incidence angle the required α increased ranging between 5.57° and 
4.45°, presumably due to the reduced wing area. The vehicle required an initial angle of attack of α 
= 4.86o and an initial flight path angle of γ = 1.31o to maintain q0 = 50 kPa. 
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(b) 
 
(c) 
Figure 6.1.2: Flight trajectory plots for the optimised vehicle. 
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III	Longitudinal	trim	
Investigating the pitching moment trim plot in Figure 6.1.2.c it can be seen that the vehicle had 
significantly less trim requirement across the flight with the elevon deflections ranging between 
8.65° and 3.96°. This is further reflected in the 33.5 kNm flight averaged absolute pitching moment 
which is notably less than the baseline’s 131.0 kNm. This resulted in a reduction in trim drag. For 
example the elevon drag near the end of the trajectory was only 0.80 kN, comparing very 
favourably to the baseline’s 4.84 kN. 
The component level breakdown of the vehicle’s pitching moment is shown in Figure 6.1.3. It can 
be observed that overall the trends are very similar to that of the baseline (Figure 5.0.3). The most 
notable change is the reduction in the magnitude of the PM from the fuselage. For example at Mach 
6 and α = 2° the fuselage PM is 36.8 kNm (- 49.3 %). Believed to be due to the reduced forebody 
half angle resulting in reduced compression of the free stream and also from the decreased area 
because of the increased slenderness. The introduction of camber also played a role in reducing the 
fuselage PM. Due to camber the surface areas on the bottom of the forebody, sufficiently away from 
the vehicle’s CG location, were at reduced incidence angles relative to the freestream to result in a 
lower nose up PM from the forebody. And vice versa the surface areas on the top of the forebody 
were at increased incidence angles relative to the freestream to result in a higher nose down PM 
from the forebody. Additionally, the reduced centre body length reduced the lever arm to the 
vehicle’s CG also contributing to a reduced fuselage PM. Despite almost identical boat tail angles 
there is an increase in the magnitude of the boat tail PM. This is due to the smaller engine size 
leading to a shallower ramp angle in the bottom half of the boat tail. I.e. the exhaust exit location 
from the smaller engine disctates the ramp angle, not the boat tail half angle design parameter. This 
resulted in a increase in the lift component and a decrease in the thrust component of the exhaust 
expansion pressure. The PM from the smaller area wing increased in magnitude because of the 
increased inclination angle. For example at Mach 6 and α = 2° the wing PM is now -23.8 kNm 
versus the baseline’s -13.8 kNm. 
From inspection of Figure 6.1.3b it can be seen that the biggest change in PM as α increases is from 
the fuselage. The PM increases because as α increase the wave pressure on the underside of the 
forebody increases and the pressure on the top of the fuselage decrease. The PM from the scramjet 
thrust and shell show little change with α since the lever arms are close to the CG of the vehicle.  
All these subtle changes added up to a overall reduction in the untrimmed PM of the vehicle. 
Interestingly for the investigated flight conditions there now exists some regions where the vehicle  
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(a) 
 
(b) 
Figure 6.1.3: Component level pitching moment breakdown. a) Over Mach number with α=2.0o, b) Over α with 
M0=6.0. 
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require no elevon input to be trimmed for PM. For instance at Mach 6 if the α is set at roughly 3° 
the vehicle will be self-trimmed. I.e. it will not require any elevon input to have a PM of zero. 
However the constant dynamic pressure requirement dictates that the vehicle has an α of 5.57° at 
this stage of the flight. This indicates that the trim penalty is possibly less than an increase in wing 
area along with the associated drag and mass increases. Possibly also due to better thrust (from the 
higher α) as can be seen in Figure 6.1.4 below. But it is difficult to know for certain which result 
ultimately dictates the performance in such a tightly coupled nonlinear system, hence the need for a 
MDO approach. 
 
IV	Drag	Breakdown	
Upon inspection of the drag breakdown plots given in Figure 6.1.4. it can be seen that the elevon 
drag is significantly reduced. For example at an α of 6.0° it is 16.14% of the total drag of the 
vehicle, this is notably less than the baseline’s 30.7 % for the same flight condition. Thrust levels 
are down but so is the drag on the components. The smaller wing has lower drag despite the 
increased inclination angle. Fuselage drag contribution is reduced mainly due to the decreased 
forebody half angle resulting in lower pressure along the forebody.  
 
Figure 6.1.4: Drag and thrust breakdown for the optimised vehicle at Mach 10. 
 
The most significant result is that the optimised vehicle produces a net thrust at Mach 10 for a α of 
6.0°; the baseline failed to produce a net thrust at this condition. The increase net thrust along with 
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0
20
40
F S W E T Tnet
F S W E T Tnet
F S W E T Tnet
Fo
rc
e 
(k
N
)
α=2° α=4° α=6°
D wave
D viscous
D elevons
T boat tail
T internal
T net
99          Chapter 6  Optimisation of the HAAV vehicle 
 
 
fuel. Indicates that the vehicle can potentially accelerate more if it had more fuel on board, but due 
to the packaging this would only be possible if the centre body is lengthened and this will increase 
the third stage mass. Therefore the packaging dictates that for this particular mission the flight 
terminates before the net thrust production capability of the vehicle. 
 
V	3rd	stage	trajectory	
The trajectory for the 3rd stage can be seen in Figure 6.1.5. Following the high dynamic pressure 
staging from the SPARTAN at Mach 9.69 the rocket motor burned for 27.1 s, consuming 398.5 kg of 
propellant. This burn allowed the 3rd stage to coast to a dynamic pressure of 10 Pa. Once at 10 Pa, 
92.1 s into the 3rd stage’s flight, the 187.8 kg heatshield was discarted and the rocket was allowed to 
coast to an appex of 108.59 km. It can be noted that the apex is much higher than the baseline’s 
94.57 km. This is believed to be due to the fact that all upperstages share the same engine, and 
therefore have the same propulsive force. Combining this with the greatly reduced mass of this 3rd 
stage results in it reaching an higher apex. This is reflected in the flight path angle plot where it can 
be seen that it increases at a much faster rate than for the baseline and peaks at 12.40° versus the 
baseline’s 6.97°.  
 
 
Figure 6.1.5: 3rd stage trajectory, coasting to apex before the Hohmann transfer manoeuvre. 
 
This phase ended the CADAC trajectory simulation of the rocket stage. The remainder of the 
trajectory was calculated through simple astrodynamic equations for a circularisation burn, a 
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Hohmann transfer burn and another circular orbit insertion burn into the desired SSO. In total after 
staging the 3rd stage burned 804.3 kg propellant to reach the desired SSO of 566.89 km altitude. 
Thus from the allocated total mass of 1262.5 kg, 804.3 kg was propellant, 202.4 kg was structural 
and engine, 187.8 kg was heat shield and 68.0 kg was payload. 
 
VI	Summary	
In the end the optimised vehicle accelerated to Mach 9.69, an improvement over the baseline’s 
Mach 9.34. It did so at the cost of reducing the 3rd stage mass to 1262.5 kg, only taking a payload 
mass fraction of 0.47% or 68.0 kg into the desired SSO. Therefore the optimisation resulted in a 
vehicle where the 3rd stage mass was greatly reduced. Hinting that the best accelerating vehicle is 
the one with the least mass and minimized drag, both apparent in this case. It is important to 
remember that the Mach number optimisation was only concerned with the 2nd stage performance, it 
did not include any performance requirement from the 3rd stage other than to be capable of 
delivering a positive payload. This vehicle was included to investigate the importance of the final 
Mach number of the SPARTAN stage as part of a space launch system, and to contrast the trade-offs 
between system mass and achievable Mach number. 
 
Table 6.1.3: Performance data for the baseline and the optimised vehicle. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 msystem	 Time	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [kg]	 [s]	
Baseline	 9.34	 1.350	 888.7	 131.011	 6244	 20712.7	 219.9	
Mach	 9.69	 0.471	 847.1	 33.469	 2348	 14458.8	 244.2	
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6.2 Payload	Mass	Fraction	Optimised	SPARTAN	
This section presents the vehicle optimised for maximum payload mass fraction into the desired 
SSO. The design is shown in Figure 6.2.1, and vehicle geometry parameters can be found in Table 
6.2.1. 
I	Geometry	&	mass	
In comparison to the baseline the most notable changes for the optimised vehicle are the increased 
engine size, reduced boat tail half angle and negative wing incidence angle. The engine capture 
width increased to 0.746 m resulting in the larger engine being positioned at the end of the conical 
forebody. The centrebody increased in length to 11.95 m to accommodate the larger engines. The 
vehicle has negligible forebody camber and the forebody half angle increased to 6.29° thereby 
reducing its length. The boat tail angle decreased to 7.9° resulting in an increased length. The 
combination of a shorter forebody with longer centrebody and boat tail gave an overall vehicle 
length increase by 10.2 % to 25.27 m. The wing area decreased in size due to the reduced half wing 
span of 4.24 m (- 4.72 %) despite the increased engine size resulting in a longer root chord length. 
Interestingly the wing is now at a negative incidence angle of -1.46°. The centre of gravity is 
located at 16.74m along the fuselage axis line. 
 
 
 
Figure 6.2.1: Side and Bottom views of the optimised SPARTAN vehicle. Note baseline bottom view shown for direct 
comparison. 
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The vehicle’s mass breakdown is shown in Table 6.2.2. It can be seen that the increased centre body 
length had a big impact on the mass of the fuel and 3rd stage. The fuel mass increased to 1,167.9 kg 
(+ 17.4 %) and the 3rd stage mass increased by 45.3 % to 4,141.5 kg. This contributed significantly 
to the mass increase of the 2nd stage which is now 10,755.1 kg (+ 22.8 %). The vehicle accelerated 
to a final Mach number of 9.47 which is higher than the baseline’s Mach 9.34. The following 
section will investigate the flight performance of the design in detail. 
 
Table 6.2.1: Vehicle geometry parameters. 
Vehicle	 F	 Ca	 Cp	 C	 iW	 s	 wcap	
	 [deg]	 [m]	 [%Lfb]	 [deg]	 [deg]	 [m]	 [m]	
Baseline	 5	 0	 -	 14	 0	 4.45	 0.65	
PLMF	 6.2886	 0.0353	 96.56	 7.9060	 -1.4614	 4.2367	 0.7459	
 
 
Table 6.2.2: Mass breakdown for the baseline and the optimised vehicle (all values in kg.). 
Vehicle	 m2w	 m2s	 m2p	 m3w	 m3s	 m3p	 m3hs	 m*	 msystem	
Baseline	 8755.1	 4910.5	 994.6	 2850.0	 345.0	 1922.9	 302.8	 279.8	 20712.7	
PLMF	 10755.1	 5445.7	 1167.9	 4141.5	 467.2	 2882.5	 396.0	 395.8	 25444.4	
	
	
II	Trajectory	&	Performance	
The constant dynamic pressure trajectory time plots can be found in Figure 6.2.2. It can be observed 
that the vehicle required an initial vehicle angle of attack of α = 5.05o and an initial flight path angle 
of γ = 1.69o to maintain q0 = 50 kPa. The required α range throughout the trajectory increased and is 
now between 3.64° and 5.05°. This is presumably due to the decreased lifting capabilities of the 
smaller wings at negative incidence angle and also the increased vehicle mass (+ 22.8 %). From the 
flight plots is can be seen that the vehicle has considerably more lift with a peak of 88.7 kN (+ 20.3 
%) at the start of the flight. Peak drag did not increase much at 36.1 kN (+ 0.56 %). The L/D of the 
vehicle remained at levels between 2.45 and 2.79, higher than for the baseline due to the increase 
lift but similar drag force.  
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(a) 
 
(b) 
 
(c) 
Figure 6.2.2: Flight trajectory plots for the optimised vehicle. 
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As expected the increase in engine size resulted in a significant thrust increase peaking at 136.6 kN 
(+ 33.0 %) around 33 s into the flight. The vehicle showed strong performance in terms of Ispnet 
with a peak of 1,659 s (+ 11.2 %) and terminating at 484 s (+ 10.2 %), the flight Isp* was 969.7 s (+ 
9.1 %)  It can be observed that the on board fuel is consumed at a faster rate and, even though the 
vehicle had more fuel on board, the flight time significantly reduced from 219.9 s to 185.5 s. This is 
because of the increased forebody half angle increasing the mass airflow into the larger engines. 
The vehicle showed strong acceleration reaching a final Mach number of 9.47. 
 
III	Longitudinal	trim	
Investigating the pitching moment trim plot in Figure 6.2.2.c it can be seen that the vehicle had a 
decreased initial PM of 127.1 kNm (- 13.8 %) that quickly reduced to 0 kNm at around 83 s into the 
flight. At this point the PM remained almost steady slowly increasing to -2 kNm at the end of the 
flight which is significantly less than the baseline’s final PM of 128.7 kNm. This resulted in a lower 
flight averaged absolute pitching moment of 19.2 kNm (- 85.4 %) with elevon deflections across the 
flight ranging between 11.30° and -1.83°. This reduced the trim drag. For example DE near the end 
of the trajectory was only 0.06 kN, comparing very favourably to the baseline’s 4.84 kN, however 
the corresponding LE decreased by 103.0 % to -0.58 kN. The negative elevon lift is due to the 
negative elevon deflection in combination with the negative wing incidence angle resulting in the 
elevon deflection angle being almost aligned with the freestream flow. 
The component level breakdown of the vehicle’s pitching moment is shown in Figure 6.2.3. In 
comparison to the baseline the most notable changes for the optimised vehicle are a significant 
negative increase from the boat tail expansion, a large positive increase from the fuselage PM, an 
increase from the thrust PM, and a reduction in the PM from the wing. The larger PM contribution 
from the boat tail was expected due to the lower half angle giving a much larger expansion surface 
for the exhaust gasses. The reduced angle also results in a lower pressure drop from the expansion.  
This resulted in the boat tail PM peaking at -272.5 kNm, an increase of -214.4 kNm over the 
baseline’s for the same condition. The trend for the PM from the thrust is very similar to the 
baseline’s with an increase in magnitude due to the larger engine size. For example at Mach 6 and α 
= 2° the thrust PM is 61.8 kNm, an increase of 39.0 %.  
The wing PM contribution is similar to that of the baseline’s despite the decreased incidence angle 
and reduced wing area. This was due to the centre of pressure being located closer to the CG of the 
vehicle. For example it has a maximum PM of -48.0 kNm at Mach 6 and α = 6°, for comparison the 
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baseline’s wing PM at this condition is -44.1 kNm. The fuselage PM contribution increased 
significantly due to the larger F, and still has the trend of increasing with an increase in α. 
 
(a) 
 
(b) 
Figure 6.2.3: Component level pitching moment breakdown. a) Over Mach number with α=2.0o, b) Over α with 
M0=6.0. 
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From inspection of Figure 6.2.3b is can be seen that the biggest driver behind the change in PM as α 
increases is from the fuselage. The main opponent to this change is from the PM due to the exhaust 
expansion on the boat tail. The wing PM contributes more to the nose down PM with an increase in 
α. The PM from the scramjet thrust and shell show little change with a change in α.  
It can be observed that the various changes in the PM contributions resulted in a total untrimmed 
PM that increases at a lower rate with an increase in α compared to the baseline. Thus the PM is 
less sensitive to changes in α and the vehicle can operate over a larger α range without the penalty 
of large PM changes. This could be important for a vehicle where the α schedule is dictated by the 
constant q0 = 50 kPa trajectory controller.  
 
IV	Drag	Breakdown	
The drag breakdown for the optimised vehicle can be seen in Figure 6.2.4. Compared to the 
baseline the most notable changes are and the increases in thrust, fuselage and wing drag forces, 
and the decrease in elevon drag. There is a thrust increase from the larger boat tail and engines. At α 
= 4° the engine thrust increased by 33.2 % and the boat tail contribution is now 24.6 % of the total 
thrust. This is due to the decreased boat tail half angle increasing the boat tail length and reducing 
the expansion of the exhaust flow leading to higher pressures along the surface. This vehicle seems 
to favour the trim and performance benefits of a larger boat tail over the increase in boat tail mass.  
The fuselage drag increased significantly. For example at α = 2° it is now 36.2 kN (+ 84.2 %). This 
increase is due to the longer length of the vehicle and also due to the increase in forebody half angle 
combined with the very little chamber. The wing drag decreased significantly mainly due to the 
reduced inclination angle and decreased surface area. For example at α = 4.0° it is now 1.26 kN (- 
51.9 %). The elevon drag reduced significantly with a maximum of 1.52 kN at α = 6° far less than 
that of the baseline’s 10.6 kN. There is a larger increase in thrust compared to drag giving the 
vehicle an overall Tnet higher than for the baseline producing a positive Tnet at M10 and α = 6°. 
It appears that this vehicle traded off the drag increase penalties in the fuselage and wings for the 
performance increase of a larger boat tail and engines, contributing to the improved flight Isp* of 
969.7 s. 
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Figure 6.2.4: Drag and thrust breakdown for the optimised vehicle at Mach 10. 
 
V	3rd	stage	trajectory	
The trajectory for the 3rd stage can be seen in Figure 6.2.5. Following the high dynamic pressure 
staging from the SPARTAN at Mach 9.47 the rocket motor burned for 164.5  s, consuming 2420.2 
kg of propellant. This burn allowed the 3rd stage to coast to a dynamic pressure of 10 Pa. Once at 10 
Pa, 245.6 s into the 3rd stage’s flight, the 396.0 kg heatshield was discarted and the rocket was 
allowed to coast to an appex of 100.56 km.  
It can be noted that the final altitude is higher than the baseline’s apex of 94.57 km. This is believed 
to be due to the fact that all upperstages share the same engine, and therefore have the same 
propulsive force. Combining this with the greatly increased mass of this 3rd stage results in an 
increased burn time in order to be able to coast to the desired low dynamic pressure. This is 
reflected in the flight path angle plot where it can be seen that it increases at a much slower rate 
than for the baseline and peaks at 4.02° versus the baseline’s 6.97°. The longer burn time leads to a 
higher pre-coasting velocity and altitude of 6320.6 m/s (+ 25.6 %) and 71.8km (+ 16.0 %) 
respectively. It is the combination of a greater velocity, higher altitude and lower γ that results in a 
higher apex being reached. 
This phase ended the CADAC trajectory simulation of the rocket stage. The remainder of the 
trajectory was calculated through simple rocket equations for a circularisation burn, a Hohmann 
transfer burn and another circular orbit insertion burn into the desired SSO. In total after staging the 
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3rd stage burned 2882.5 kg propellant to reach the desired SSO of 566.89 km altitude. Thus from the 
allocated total mass of 4141.5 kg, 2882.5 kg was propellant, 467.2 kg was structural and engine, 
396.0 kg was heat shield and 395.8 kg was payload. 
 
 
Figure 6.2.5: 3rd stage trajectory, coasting to apex before the Hohmann transfer manoeuvre. 
 
VI	Summary	
Ultimately the optimised vehicle accelerated the 4141.5 kg third stage to Mach 9.47. Delivering a 
395.8 kg payload to the desired SSO. This represented a pay load mass fraction of 1.56 %, a 
significant improvement (+ 15.6 %) compared to the baseline’s 1.35 %. In this case the 
performance of the larger engines and boat tail along with the increased lifting capability to 
accelerate and lift the much heavier 3rd stage seemed more important than a reduction in overall 
vehicle mass and maximising the final Mach number. 
 
Table 6.2.3: Performance data for the baseline and the optimised vehicle. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 msystem	 Time	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [kg]	 [s]	
Baseline	 9.34	 1.350	 888.7	 131.011	 6244	 20712.7	 219.9	
PLMF	 9.47	 1.556	 969.7	 19.146	 6623	 25444.4	 185.5	
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6.3 Isp*	Optimised	SPARTAN	
This section presents the vehicle optimised for maximum Isp* along the trajectory. The design is 
shown in Figure 6.3.1, and vehicle geometry parameters can be found in Table 6.3.1. 
I	Geometry	&	mass	
In comparison to the baseline the most notable changes for the optimised vehicle are the increased 
engine size, reduced boat tail half angle and negative wing incidence angle. The engine capture 
width increased to 0.76 m resulting in the larger engine being positioned at the end of the conical 
forebody almost entirely on the centre body which increased in length to accommodate the larger 
engines. The vehicle has negligible forebody camber and the forebody half angle increased to 6.5° 
thereby reducing its length. The boat tail angle decreased to 8.0° resulting in an increased length. 
The combination of shorter forebody with the longer centrebody and boat tail gave an overall 
vehicle length increase by 10.3 % to 25.31 m. The wing increased in size due to the larger half wing 
span of 5.99 m (+ 34.6 %) but also due to the increased engine size resulting in a longer root chord 
length. Interestingly the wing is now at a negative incidence angle of -0.7°. The centre of gravity 
was located 17.06 m along the fuselage axis line. 
 
 
 
 
Figure 6.3.1: Side and Bottom views of the optimised SPARTAN vehicle. Note baseline bottom view shown for direct 
comparison.	
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The vehicle’s mass breakdown is shown in Table 6.3.2. It can be seen that the increased centre body 
length had a big impact on the mass of the fuel and 3rd stage. The fuel mass increased to 1,193.1 kg 
(+ 19.9 %) and the 3rd stage mass increased by 51.9 % to 4,328.6 kg. This contributed significantly 
to the mass increase of the 2nd stage which is now 11,490.4 kg (+ 30.2 %). The vehicle accelerated 
to a final Mach number of 9.38 a slight increase over the baseline’s Mach 9.34. The following 
section will investigate the flight performance of the design in detail. 
	
 
Table 6.3.1: Vehicle geometry parameters. 
Vehicle	 F	 Ca	 Cp	 C	 iW	 s	 wcap	
	 [deg]	 [m]	 [%Lfb]	 [deg]	 [deg]	 [m]	 [m]	
Baseline	 5	 0	 -	 14	 0	 4.45	 0.65	
Ispnet	 6.5486	 0.0762	 88.14	 7.9500	 -0.7422	 5.9894	 0.7612	
	
 
Table 6.3.2: Mass breakdown for the baseline and the optimised vehicle (all values in kg.). 
Vehicle	 m2w	 m2s	 m2p	 m3w	 m3s	 m3p	 m3hs	 m*	 msystem	
Baseline	 8755.1	 4910.5	 994.6	 2850.0	 345.0	 1922.9	 302.8	 279.8	 20712.7	
Ispnet	 11490.4	 5968.7	 1193.1	 4328.6	 486.7	 3035.3	 409.5	 397.1	 26814.9	
	
	
II	Trajectory	&	Performance	
The constant dynamic pressure trajectory time plots can be found in Figure 6.3.2. It can be observed 
that the vehicle required an initial vehicle angle of attack of α = 3.62o and an initial flight path angle 
of γ = 1.51o to maintain q0 = 50 kPa. The required α throughout the trajectory decreased ranging 
between 2.96° and 3.62°. This is presumably due to the increased lifting capabilities of the 
increased wing area and increased lift expected from the exhaust expansion on the larger boat tail. 
From the flight plots is can be seen that the vehicle has considerably more lift with a peak of 99.4 
kN (+ 35.1 %) at the start of the flight. Peak drag also increased to 49.0 kN (+ 36.5 %). The L/D of 
the vehicle remained at levels between 1.74 and 2.04, slightly less than for the baseline.  
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(a) 
 
(b) 
 
(c) 
Figure 6.3.2: Flight trajectory plots for the optimised vehicle. 
 
Time (seconds)
a,
g
(d
eg
)
M
ac
h
N
um
be
r
A
lti
tu
de
(k
m
)
D
yn
am
ic
P
re
ss
ur
e
(k
P
a)
0 100 200
0
1
2
3
4
5
6
5
6
7
8
9
10
25
27
29
31
33
35
0
20
40
60
h
a
M
g
q
Time (seconds)
Fo
rc
es
(k
N
)
I S
P
;
I S
P
_n
et
(s
ec
)
100 200
0
20
40
60
80
100
120
140
160
0
500
1000
1500
2000
2500
3000ISP
ISP_net
T
D
L
Time (seconds)
P
M
E
(k
N
m
)
E
le
vo
n
Fo
rc
es
(k
N
)
d
(d
eg
.)
0 100 200
-350
-300
-250
-200
-150
-100
-50
0
-10
0
10
20
30
40
-20
-15
-10
-5
0
5
10
15
20
PME
d
DE
L E
Isp* Optimised SPARTAN  Section 6.3          112 
 
 
As expected the increase in engine size resulted in a significant thrust increase peaking at 150.9 kN 
(+ 46.9 %) around 36 s into the flight. The vehicle showed strong performance in terms of Ispnet 
with a peak of 1,641 s (+ 10.0 %) and terminating at 508 s (+ 15.7 %). The Isp* was 987.7 s (+ 11.1 
%). It can be observed that the on board fuel is consumed at a faster rate and, even though the 
vehicle had more fuel on board, the flight time significantly reduced from 219.9 s to 187.5 s. This is 
because of the increased forebody half angle increasing the mass airflow into the larger engines. 
Overall the vehicle showed strong acceleration and reached a final Mach number of 9.38. 
III	Longitudinal	trim	
Investigating the pitching moment trim plot in Figure 6.3.2.c it can be seen that the vehicle had an 
decreased initial PM of 134.5kNm (- 8.8 %) that quickly reduced to 25.2 kNm around 76 s into the 
flight. At this point the rate of change tapered off and the PM remained almost steady terminating at 
29.9 kN, 76.8 % less than the baseline’s final PM. This resulted in the vehicle having a lower flight 
averaged absolute pitching moment of 44.4 kNm (- 66.1 %) with elevon deflections reduced across 
the flight ranging between 5.20° and 0.03°. This reduced the trim drag. For example DE near the 
end of the trajectory was only 0.44 kN, comparing very favourably to the baseline’s 4.84 kN, 
however the corresponding LE decreased by 90.8 % to 1.26 kN. 
The component level breakdown of the vehicle’s pitching moment is shown in Figure 6.3.3. In 
comparison to the baseline the most notable changes for the optimised vehicle are a significant 
negative increase from the boat tail expansion, an increase from the thrust PM, and a reduction in 
the PM from the wing. The larger PM contribution from the boat tail was expected due to the lower 
half angle giving a much larger expansion surface for the exhaust gasses. The reduced angle also 
results in a lower pressure drop from the expansion.  This resulted in the boat tail PM peaking at -
259.5 kNm, a 278.3 % increase over the baseline’s for the same condition. The trend for the PM 
from the thrust is very similar to the baseline’s with an increase in magnitude due to the larger 
engine size. For example at Mach 6 and α = 2° the thrust PM is 64.3 kNm, an increase of 44.5 %.  
Interestingly the wing PM contribution is very small due to the decreased incidence angle but also 
due to the centre of pressure being located closer to the CG of the vehicle. For example it has a 
maximum PM of only +19.8 kNm at Mach 6 and α = 6°, for comparison the baseline’s wing PM at 
this condition is -44.1 kNm. There is almost no change with increasing Mach number and a small 
positive increase with increasing α. The fuselage PM contribution is similar in trend to that of the 
baseline but larger in value due to the increase in F. 
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(a) 
 
(b) 
Figure 6.3.3: Component level pitching moment breakdown. a) Over Mach number with α=2.0o, b) Over α with 
M0=6.0.	
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From inspection of Figure 6.3.3b is can be seen that the biggest driver behind the change in PM as α 
increases is again from the fuselage. The main opponent to this change is from the PM due to the 
exhaust expansion on the boat tail. The wing PM has a slight positive increases with increase in α. 
The PM from the scramjet thrust and shell show little change with a change in α.  
The combination of the various changes in the PM contributions resulted in some regions of the 
investigated flight conditions where the vehicle require no elevon input to be trimmed for PM. For 
instance at a α of 2° the vehicle will be self-trimmed around Mach 6.5 and again near Mach 10.5. 
I.e. at these conditions the vehicle will not require any elevon input to have a PM of zero. 
 
IV	Drag	Breakdown	
 
 
 
Figure 6.3.4: Drag and thrust breakdown for the optimised vehicle at Mach 10. 
 
The drag breakdown for the optimised vehicle can be seen in Figure 6.3.4. Compared to the 
baseline the most notable changes are and the increases in thrust, fuselage and wing drag forces, 
and the decrease in elevon drag. There is a thrust increase from the larger boat tail and engines. At α 
= 4° the engine thrust increased by 38.0 % and the boat tail contribution is now 32.7 % of the total 
thrust. This is due to the decreased boat tail half angle increasing the boat tail length and reducing 
the expansion of the exhaust flow leading to higher pressures along the surface. This vehicle seems 
to favour the trim and performance benefits of a larger boat tail over the increase in boat tail mass.  
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The fuselage drag increased significantly. For example at α = 2° it is now 37.1 kN (+ 98.8 %). This 
increase is due to the longer length of the vehicle and also due to the increase in forebody half angle 
combined with the very little chamber. The wing drag increased significantly mainly due to the 
increased surface area. The elevon drag decreased with a maximum of 5.5 kN at α  = 6° almost 
halved from that of the baseline’s 10.6 kN. There is a larger increase in thrust compared to drag 
giving the vehicle an overall Tnet higher than for the baseline. For example at α = 2° the thrust 
increased by 38.7 % to 19.4 kN. Note that the vehicle still had a negative Tnet at M10 and α = 6°. 
It appears that this vehicle traded off the drag increase penalties in the fuselage and wings for the 
performance increase of a larger boat tail and engines, contributing to the improved Isp* of 987.7 s. 
V	3rd	stage	trajectory	
The trajectory for the 3rd stage can be seen in Figure 6.3.5. Following the high dynamic pressure 
staging from the SPARTAN at Mach 9.38 the rocket motor burned for 177.1 s, consuming 2604.1 kg 
of propellant. This burn allowed the 3rd stage to coast to a dynamic pressure of 10 Pa. Once at 10 
Pa, 256.4 s into the 3rd stage’s flight, the 409.5 kg heatshield was discarted and the rocket was 
allowed to coast to an appex of 102.3 km.  
This phase ended the CADAC trajectory simulation of the rocket stage. The remainder of the 
trajectory was calculated through simple rocket equations for a circularisation burn, a Hohmann 
transfer burn and another circular orbit insertion burn into the desired SSO. In total after staging the 
3rd stage burned 3035.3 kg propellant to reach the desired SSO of 566.89 km altitude. Thus from the 
allocated total mass of 4328.6 kg, 3035.3 kg was propellant, 486.7 kg was structural and engine, 
409.5 kg was heat shield and 397.1 kg was payload. 
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Figure 6.3.5: 3rd stage trajectory, coasting to apex before the Hohmann transfer manoeuvre. 
 
VI	Summary	
Overall the optimised vehicle increased the Isp* achievable from 888.7 s for the baseline to 987.7 s, 
a 11.1 % improvement. It accelerated a 4328.6 kg 3rd stage to Mach 9.38, leading to a 397.1 kg 
payload into the SSO yielding a payload mass fraction of 1.48 %. 
 
Table 6.3.3: Performance data for the baseline and the optimised vehicle. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 msystem	 Time	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [kg]	 [s]	
Baseline	 9.34	 1.350	 888.7	 131.011	 6244	 20712.7	 219.9	
Ispnet	 9.38	 1.481	 987.7	 44.376	 6402.2	 26814.9	 187.5	
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6.4 Flight	Averaged	Absolute	Pitching	Moment	Optimised	SPARTAN	
This section presents the vehicle optimised for minimum flight averaged absolute pitching moment 
across the trajectory. The design is shown in Figure 6.4.1, and vehicle geometry parameters can be 
found in Table 6.4.1. 
I	Geometry	&	mass	
In comparison to the baseline the most notable changes for the optimised vehicle are the decreased 
forebody and boat tail half angles, and the positive increase in wing incidence angle. The longer 
forebody has a reduced half angle of 4.0°, and the increase in camber amount is so small that it 
could be considered negligible. The boat tail angle decreased to 9.7° resulting in an increase in 
length. The engine capture width increased marginally to 0.654 m but due to the reduced forebody 
half angle is positioned slightly upstream compared to the baseline’s engine position. This resulted 
in a small reduction of the centre body’s length (- 2.75 %), despite the increased engine size. 
Ultimately the combination of a longer forebody and boat tail resulted in an overall vehicle length 
of 26.56 m (+ 15.8 %). The wing increased in size due to the larger half wing span of 5.98 m (+ 
34.4 %) and is now at a positive incidence angle of +1.8°. The centre of gravity was located 19.43 
m along the fuselage axis line. 
 
 
 
Figure 6.4.1: Side and Bottom views of the optimised SPARTAN vehicle. Note baseline bottom view shown for direct 
comparison. 
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The vehicle’s mass breakdown is shown in Table 6.4.2. It can be seen that the slight reduction in the 
centre body length resulted in a smaller 3rd stage mass of 2,749.6 kg (- 3.5 %). However the fuel 
mass actually increased to 1,089.3 kg (+ 9.5 %), due to the larger tank in the longer forebody. 
Overall the 2nd stage mass is 9,206.6 kg (+ 5.2 %), slightly heavier than the baseline. This increase 
is mostly from the increase in structural mass. The vehicle accelerated to a final Mach number of 
9.37 which is slightly better than the baseline’s Mach 9.34. The following section will investigate 
the flight performance of the design in detail. 
 
Table 6.4.1: Vehicle geometry parameters. 
Vehicle	 F	 Ca	 Cp	 C	 iW	 s	 wcap	
	 [deg]	 [m]	 [%Lfb]	 [deg]	 [deg]	 [m]	 [m]	
Baseline	 5	 0	 -	 14	 0	 4.45	 0.65	
APM	 4.0343	 0.0091	 95.95	 9.6643	 1.7688	 5.5430	 0.6542	
 
 
Table 6.4.2: Mass breakdown for the baseline and the optimised vehicle (all values in kg.). 
Vehicle	 m2w	 m2s	 m2p	 m3w	 m3s	 m3p	 m3hs	 m*	 msystem	
Baseline	 8755.1	 4910.5	 994.6	 2850.0	 345.0	 1922.9	 302.8	 279.8	 20712.7	
APM	 9206.6	 5367.7	 1089.3	 2749.6	 335.9	 1851.7	 295.5	 266.5	 21780.9	
	
 
II	Trajectory	&	Performance	APM	
The constant dynamic pressure trajectory time plots can be found in Figure 6.4.2. The vehicle 
required an initial angle of attack of α = 3.53o and an initial flight path angle of γ = 1.25o to 
maintain q0 = 50 kPa. The vehicle α range is reduced and is now between 2.84° to 3.53°. This 
reduction is likely due to the increased wing area, positive wing incidence angle and increased lift 
expected from the exhaust expansion on the larger boat tail all contributing positively to the lift. 
This is reflected in the trajectory plot with lift peaking at 80.0 kN (+ 8.7 %). The drag peaked at the 
start of the flight at 37.9 kN this is 5.6 % less than the peak drag of the baseline. This resulted in a 
slight increase in the L/D of the vehicle which is now between 2.02 and 2.11. 
There is a reduction in thrust, despite the similarly sized engines, with a peak thrust of 94.7 kN (- 
7.8 %) near 48 s into the flight. This is believed to be due to the reduced α and forebody half angle  
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(a) 
 
(b) 
 
(c) 
Figure 6.4.2: Flight trajectory plots for the optimised vehicle. 
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resulting in less air being processed by the forebody. This is reinforced by the longer flight time of 
268 s. The vehicle showed strong performance in terms of Ispnet with a peak of 1,528 s (+ 2.4 %) 
and a flight Isp* of 857.9 s, less than the baseline because of the longer flight time. Overall the 
vehicle showed strong acceleration and reached a slightly higher final speed of Mach 9.37. 
III	Longitudinal	trim	
 
Investigating the pitching moment trim plot in Figure 6.4.2.c it can be seen that the vehicle’s PM 
across the entire flight is greatly reduced compared to the baseline’s, and is very near to being 
neutrally trimmed. I.e. the vehicle’s untrimmed PM is close to zero, thus requiring very little elevon 
correction. The PM ranged between -12.6 and +5.8 kNm, with the maximum 90.2 % less than the 
lowest PM of the baseline. The flight averaged PM was 3.32 kNm, a significant reduction of 97.5 
%. As a result the vehicle elevon deflections ranged between -5.3° and -2.6°. Thus the elevons are 
at or close to 0° relevant to the free stream as the defections are taken relative to the wing chord line 
and not the vehicle axis line. This reduced DE at the end of the flight to 0.18 kN (- 96.3 %), but at a 
cost of negative lift from elevons (- 4.09 kN). 
The component level breakdown of the vehicle’s pitching moment is shown in Figure 6.4.3. In 
comparison to the baseline the most notable change for the optimised vehicle is a large increase in 
boat tail expansion PM. This was expected due to the lower half angle giving a much larger 
expansion surface for the exhaust gasses. The reduced angle also results in a lower pressure drop 
from the expansion.  This resulted in the boat tail PM peaking at -144 kNm, a 150.2 % increase over 
the baseline’s for the same condition. The trends in the PMs from the wing, fuselage, thrust, and 
scramjet shell were very similar to that of the baseline. Interestingly despite the larger size of the 
wing and the positive inclination angle the wing PM contribution reduced indicating that its centre 
of pressure must lie closer to the CG of the vehicle. For example at Mach 6 and α = 2°, it has a PM 
of only -6.98 kNm for comparison the baseline’s wing PM at this condition is -13.85 kNm. The 
fuselage PM remained very close to that of the baseline, despite the  decreased F, with the only 
change being a faster rate of increase for an increase in α. The PM from the scramjet shell and 
thrust generation are very similar to that of the baseline, as expected due to the similar size of the 
engines. 
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(a) 
 
(b) 
Figure 6.4.3: Component level pitching moment breakdown. a) Over Mach number with α=2.0o, b) Over α with 
M0=6.0. 
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It can be observed that there are now regions in the investigated flight conditions where the vehicle 
requires no elevon input to be trimmed for PM. For instance at Mach 6 if the α is set at roughly 3° 
the vehicle will be self-trimmed. I.e. it will not require any elevon input to have a PM of zero. This 
is very close to the starting conditions of the trajectory. Thus the optimisation resulted in a vehicle 
that has an α schedule that satisfies the desired trajectory, and that also minimises the PM of the 
vehicle. This highlights the importance of vehicle optimisation across a trajectory.  
 
IV	Drag	Breakdown	
 
The drag breakdown for the optimised vehicle can be seen in Figure 6.4.4. Compared to the 
baseline the most notable changes are the increases in the thrust obtained from the boat tail 
expansion, fuselage and wing drag forces, and the decrease in elevon drag. The engine thrust force 
and shell drag are almost identical to the baseline’s due to the similar size of the engines but the 
thrust from the boat tail increased considerably. It now contributes on average 27.4 % of the total 
thrust. This is due to the decreased boat tail half angle increasing the boat tail length and reducing 
the expansion of the exhaust flow leading to higher pressures along the surface. This vehicle seems 
to favour the trim and performance benefits of a larger boat tail over the increase in boat tail mass.  
The fuselage drag increased and for example at α = 2° is now 22.7 kN (+ 21.4 %). This increase is 
due to the longer length, and thus larger surface area, of the vehicle and also due to the decrease in 
forebody half angle combined with almost no chamber. The wing drag increased significantly 
mainly due to the larger viscous drag contribution from the reduced inclination angle and increased 
surface area. The elevon drag reduced with a maximum of 7.4 kN at α  = 6° comparing favourably 
to the baseline’s 10.6 kN. But interestingly the increase in wing and fuselage drag led to the design 
having an overall less net thrust compared to the baseline despite the reduced elevon drag. 
Indicating that minimising the elevon trim drag does not mean that the vehicle is drag minimised. 
I.e. the shape of the vehicle for minimum trim requirements meant that the drag of certain 
components actually increased overwriting the reduction in drag obtained from reduced elevon 
trim. 
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Figure 6.4.4: Drag and thrust breakdown for the optimised vehicle at Mach 10. 
 
V	3rd	stage	trajectory	
The trajectory for the 3rd stage can be seen in Figure 6.4.5. Following the high dynamic pressure 
staging from the SPARTAN at Mach 9.37 the rocket motor burned for 81.2 s, consuming 1,194.4 kg 
of propellant. This burn allowed the 3rd stage to coast to a dynamic pressure of 10 Pa. Once at 10 
Pa, 155.1 s into the 3rd stage’s flight, the 295.5 kg heatshield was discarted and the rocket was 
allowed to coast to an appex of 97.6 km. similar to the baseline’s apex of 94.6 km. As expected the 
trajectory is very similar to the baseline’s because of the similar starting conditions and masses. 
 
 
Figure 6.4.5: 3rd stage trajectory, coasting to apex before the Hohmann transfer manoeuvre. 
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This phase ended the CADAC trajectory simulation of the rocket stage. The remainder of the 
trajectory was calculated through simple rocket equations for a circularisation burn, a Hohmann 
transfer burn and another circular orbit insertion burn into the desired SSO. In total after staging the 
3rd stage burned 1851.7 kg propellant to reach the desired SSO of 566.89 km altitude. Thus from the 
allocated total mass of 2,749.6 kg, 1,851.7 kg was propellant, 335.9 kg was structural and engine, 
295.5 kg was heat shield and 266.5 kg was payload. 
 
VI	Summary	
Overall the vehicle delivered a reasonable 266.5 kg into the SSO representing a pay load mass 
fraction of 1.22 % even though there was no explicit optimisation driver for this. Interestingly even 
though the trim drag was minimised the vehicle did not perform much better than the baseline in 
terms of Mach number achieved (acceleration performance). The vehicle shape overall have a 
higher untrimmed drag and mass but has much better pitching moment. This was shown in the drag 
breakdown plots where the net thrust was less than for the baseline. This is an interesting case and 
may be important for physical limitations rather than optimum performance for example if elevon 
deflection were limited due to thermal loading. 
 
 
Table 6.4.3: Performance data for the baseline and the optimised vehicle. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 msystem	 Time	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [kg]	 [s]	
Baseline	 9.34	 1.350	 888.7	 131.011	 6244	 20712.7	 219.9	
APM	 9.37	 1.224	 857.9	 3.320	 6655	 21780.9	 267.9	
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6.5 Airbreather	Space	Access	Performance	Parameter	Optimised	SPARTAN	
This section presents the vehicle optimised for maximum airbreather space access performance 
parameter. The design is shown in Figure 6.5.1, and vehicle geometry parameters can be found in 
Table 6.5.1. 
I	Geometry	&	mass	
In comparison to the baseline the most notable changes for the optimised vehicle are the increased 
engine size, reduced boat tail half angle and introduction of wing incidence angle. The engine 
capture width increased to 0.74 m resulting in a larger engine that is positioned further downstream 
along the forebody. The centre body length increased to accommodate the larger engines. The 
vehicle has some forebody camber amounting to a maximum Ca of 0.20 m located at 82.5 % of the 
forebody’s length. The longer forebody has a reduced half angle of 4.0°. The boat tail angle 
decreased to 7.7° resulting in an increase in length. The combination of a longer forebody, boat tail 
and centrebody resulted in an overall vehicle length of 30.45 m (+ 32.7%). The wing increased in 
size due to the larger half wing span of 5.68 m (+ 27.9 %) but also due to the increased engine size 
resulting in a longer root chord length. The wing is also at a positive incidence angle of 1.1°. The 
centre of gravity was located 21.87 m along the fuselage axis line. 
 
 
Figure 6.5.1: Side and Bottom views of the optimised SPARTAN vehicle. Note baseline bottom view shown for direct 
comparison. 
 
The vehicle’s mass breakdown is shown in Table 6.5.2. It can be seen that the increased centre body 
length had a big impact on the mass of the fuel and 3rd stage. The fuel mass increased to 1,347.8 kg 
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(+ 35.5 %) and the 3rd stage mass increased by 40.4 % to 4002.1 kg. There is also a notable increase 
in the structural mass (+ 22.6 %). All the above contributed significantly to the mass increase of the 
2nd stage which is now 11,369.4 kg (+ 29.9 %). The vehicle accelerated to a final Mach number of 
9.45 which is more that the baseline’s 9.34. The following section will investigate the flight 
performance of the design in detail. 
 
 
Table 6.5.1: Vehicle geometry parameters. 
Vehicle	 F	 Ca	 Cp	 C	 iW	 s	 wcap	
	 [deg]	 [m]	 [%Lfb]	 [deg]	 [deg]	 [m]	 [m]	
Baseline	 5	 0	 -	 14	 0	 4.45	 0.65	
ASAPP	 4.0170	 0.1990	 82.53	 7.6774	 1.1091	 5.6841	 0.7385	
 
 
Table 6.5.2: Mass breakdown for the baseline and the optimised vehicle (all values in kg.). 
Vehicle	 m2w	 m2s	 m2p	 m3w	 m3s	 m3p	 m3hs	 m*	 msystem	
Baseline	 8755.1	 4910.5	 994.6	 2850.0	 345.0	 1922.9	 302.8	 279.8	 20712.7	
ASAPP	 11369.4	 6019.4	 1347.8	 4002.1	 453.5	 2775.3	 385.9	 387.4	 26535.2	
	
 
II	Trajectory	&	Performance	
The constant dynamic pressure trajectory time plots can be found in Figure 6.5.2. It can be observed 
that the vehicle required an initial angle of attack of α = 3.84o and an initial flight path angle of γ = 
1.36o to maintain q0 = 50 kPa. The required α throughout the trajectory decreased ranging between 
3.02° and 3.84°, despite the increase in mass. This is likely due to the increased engine 
performance, increased wing area, and positive wing incidence angle and increased lift expected 
from the exhaust expansion on the larger boat tail all driving the required α down. From the flight 
plots is can be seen that the vehicle has considerably more lift with a peak of 97.8 kN (+ 32.9 %) at 
the start of the flight. The drag increased to 47.0 kN (+ 30.5 %) at the start of the flight and slowly 
reduced to 41.2 kN (+ 29.1 %) at the end of the trajectory. The L/D of the vehicle increased to 
between 1.97 and 2.08, slightly higher than for the baseline.  
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(a) 
 
(b) 
 
(c) 
Figure 6.5.2: Flight trajectory plots for the optimised vehicle. 
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As expected the increase in engine size resulted in a significant thrust increase peaking at 122.9 kN 
(+ 19.7 %) around 44 s into the flight. The vehicle showed strong performance in terms of Ispnet 
with a peak of 1587 s (+ 6.5 %) and a Isp* of 876.9 s. Overall the vehicle showed strong 
acceleration and reached a final Mach number of 9.45.  
 
III	Longitudinal	trim	
Investigating the pitching moment trim plot in Figure 6.5.2.c it can be seen that compared to the 
baseline, there is an overall reduction in magnitude of the vehicle’s PM across the flight. The PM 
peaked at the start of the flight at 76.3 kNm (- 48.3 %) and tapered off to a minimum of 20.4 kNm 
at around 82 s, it then slowly increased again to a final value of 32.4 kNm. The flight averaged PM 
was 30.4 kNm, a reduction of 76.8 %. As a result the vehicle had less trim requirement across the 
flight with the elevon deflections ranging between -0.8° and +1.6°. This resulted in a reduction in 
trim drag. For example the elevon drag near the end of the trajectory was only 0.49 kN, comparing 
very favourably to the baseline’s 4.84 kN. 
The component level breakdown of the vehicle’s pitching moment is shown in Figure 6.5.3. Note 
the change in vertical scale to reflect the increases in PM from the components. In comparison to 
the baseline the most notable changes for the optimised vehicle are large increases in the fuselage 
and boat tail expansion PMs. For example at Mach 6 and α = 2° the fuselage PM is 173.3 kNm (+ 
138.7 %). This increase is believed to be due to the longer forebody and centrebody, both increasing 
the lever arm to the vehicle’s CG. In addition to this, the camber in the forebody results  in an 
increased pressure on the bottom surface and a decreased pressure on the top surface of the 
forebody, both contributing to a positive PM increase. The increased PM contribution from the boat 
tail was expected due to the lower half angle giving a much larger expansion surface for the exhaust 
gasses. The reduced angle also results in a lower pressure drop from the expansion.  This resulted in 
the boat tail PM peaking at -235.7 kNm, a 289.5 % increase over the baseline’s for the same 
condition. The trend for the PM from the thrust is very similar to the baseline’s with an increase in 
magnitude due to the larger engine size.  
The PM from the wing increased in magnitude because of the increased inclination angle, increased 
area, and the wing area distribution relative to the CG. For example at Mach 6 and α = 2° the wing 
PM is now -38.0 kNm versus the baseline’s -13.8 kNm. 
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(a) 
 
(b) 
Figure 6.5.3: Component level pitching moment breakdown. a) Over Mach number with α=2.0o, b) Over α with 
M0=6.0.	
It can be seen that even though the magnitudes in the PM contribution of the components increased, 
there existed regions in the flight where the overeall vehicle PM actually decreased compared to the 
baseline. For example at Mach 6 and α = 2° the PM is -31.3 kNm vesrus the baseline’s 48.2 kNm. 
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From inspection of Figure 6.5.3b is can be seen that the biggest change in PM as α increases is from 
the fuselage and wings. In comparison the PM from the scramjet thrust, shell and boat tail 
expansion show little change with a change in α. The boat tail PM has a slight negative increases 
with increase in α. It can be observed that there are now regions in the investigated flight conditions 
where the vehicle requires no elevon input to be trimmed for PM. For instance at Mach 6 if the α is 
set at 2.8° the vehicle will be self-trimmed. I.e. it will not require elevon input to have a PM of zero.  
It is interesting to note that for high α the vehicle PM becomes quite large. Therefore if the 
trajectory was flown at higher α the vehicle could in fact have a very large PM, with 
correspondingly large DE and LE. However, the α schedule dictated by the flight controller, for the 
constant dynamic pressure trajectory, resulted in lower α keeping the PM down. This highlights the 
importance of vehicle optimisation across a trajectory. 
 
IV	Drag	Breakdown	
 
 
Figure 6.5.4: Drag and thrust breakdown for the optimised vehicle at Mach 10. 
 
The drag breakdown for the optimised vehicle can be seen in Figure 6.5.4. Compared to the 
baseline the most notable changes are the increases in thrust, fuselage and wing drag forces. There 
is a thrust increase from the larger boat tail and engines. At α = 4° the engine thrust increased by 
36.7 % and the boat tail contribution is now 22.7 % of the total thrust. This is due to the decreased 
-25
0
25
50
75
F S W E T Tnet
F S W E T Tnet
F S W E T       Tnet
Fo
rc
e 
(k
N
)
α=2° α=4° α=6°
D wave
D viscous
D elevons
T boat tail
T internal
T net
131          Chapter 6  Optimisation of the HAAV vehicle 
 
 
boat tail half angle increasing the boat tail length and reducing the expansion of the exhaust flow 
leading to higher pressures along the surface. This vehicle seems to favour the trim and 
performance benefits of a larger boat tail over the increase in boat tail mass.  
The fuselage drag increased significantly. For example at α = 2° it is now 31.3 kN (+ 67.8 %). This 
increase is due to the much longer length and also the slight forebody camber. The wing drag 
increased significantly due to the increased surface area and positive inclination angle. Compared to 
the baseline the elevon drag reduced for α = 2° and 4° by up to -90.0%, but increased for α = 6° 
with a maximum of 10.71 kN. This is in agreement to the trend in PM increase with increasing α as 
seen in the previous section. Interestingly despite the improved performance the increased drag of 
the vehicle results in a reduction in Tnet compared to the baseline. It appears that this vehicle 
favoured the lift benefits of the larger fuselage and inclined wings over the increased drag. For this 
case it would appear that the wing drag penalty is less than an elevon trim drag penalty, but it is 
hard to truly decouple these effects and requirements hence the need for a MDO approach. 
V	3rd	stage	trajectory	
The trajectory for the 3rd stage can be seen in Figure 6.5.5. Following the high dynamic pressure 
staging from the SPARTAN at Mach 9.45 the rocket motor burned for 153.9 s, consuming 2264.0 kg 
of propellant. This burn allowed the 3rd stage to coast to a dynamic pressure of 10 Pa. Once at 10 
Pa, 232.2 s into the 3rd stage’s flight, the 385.9 kg heatshield was discarted and the rocket was 
allowed to coast to an appex of 99.8 km.  
This phase ended the CADAC trajectory simulation of the rocket stage. The remainder of the 
trajectory was calculated through simple rocket equations for a circularisation burn, a Hohmann 
transfer burn and another circular orbit insertion burn into the desired SSO. In total after staging the 
3rd stage burned 2775.3 kg propellant to reach the desired SSO of 566.89 km altitude. Thus from the 
allocated total mass of 4002.1 kg, 2775.3 kg was propellant, 453.5 kg was structural and engine, 
385.9 kg was heat shield and 387.4 kg was payload. 
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Figure 6.5.5: 3rd stage trajectory, coasting to apex before the Hohmann transfer manoeuvre. 
 
VI	Summary	
This vehicle had a significantly reduced flight PM. This reduced the elevon trim requirement across 
the entire trajectory with deflections ranging between 1.6° and -0.8°. For a reusable system the 
reduced elevon input may be important due to physical thermal limitations. The Isp* reduced by 
1.33% however, the increased vehicle size and lifting capacity allowed for a larger fuel load to be 
carried. Overall the vehicle showed strong performance accelerating the much heavier 4002.1 kg 
thirdstage to a Mach number of 9.45 and delivering 387.4 kg (1.46% payload mass fraction) into the 
desired orbit. 
 
Table 6.5.3: Performance data for the baseline and the optimised vehicle. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 msystem	 Time	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [kg]	 [s]	
Baseline	 9.34	 1.350	 888.7	 131.011	 6244	 20712.7	 219.9	
ASAPP	 9.45	 1.460	 876.9	 30.397	 7654	 26535.2	 256.2	
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6.6 Optimisation	Summary	
This chapter presented the results for the optimisation study. Some of the more important aspects of 
the results will now be highlighted on a vehicle by vehicle basis looking at the vehicles’ geometry, 
flight performance and pitching moment aspects. Key results are summarised in Tables 6.6.1, 6.6.2 
and 6.6.3.  
The first optimisation obtained the maximum Mach number achievable by a SPARTAN 2nd stage 
within the constraints placed on the launch system. It was expected that the vehicle would have 
large engines to maximise thrust and a small 3rd stage to reduce the overall mass.  However, in 
comparison to the baseline the most notable changes for the optimised vehicle were the reduction in 
the forebody half cone angle, introduction of forebody camber, and the decreased engine and wing 
sizes.  Essentially the optimised vehicle resulted in a reduced 2nd stage mass by trying to eliminate 
the 3rd stage mass. This is because of the parameterisation of the vehicle as the 3rd stage dimensions 
are dependent on the centrebody length. I.e. A engine size reduction results in a reduction in 
centrebody length and therefore also a reduction in 3rd stage size.   
In terms of PM, the most notable change for the Mach vehicle compared to the baseline was the 
reduction in the magnitude of the PM from the fuselage. There were a number of factors influencing 
this outcome: 1) The reduced forebody half angle resulted in reduced compression of the free 
stream and also decreased surface area because of the increased slenderness, 2) The introduction of 
camber increased the incidence angles of the upper forward forebody surfaces relative to the 
freestream to result in a higher nose down PM contribution from this area of the forebody, and vice 
versa the surface areas on the bottom of the forebody were at reduced incidence angles relative to 
the freestream to result in a lower nose up PM from this area, and finally 3) the reduced centre body 
length reduced the lever arm to the vehicle’s CG also contributing to a reduced fuselage PM. Due to 
the coupling between engine size and centrebody length the size of the engine impacted on the 
effect that the forebody and the fuselage had on the PM just as much as the fuselage specific 
parameters have. Emphasizing that the design needs to be considered as a MDO problem.  
Overall the Mach optimised vehicle did have a reduced untrimmed PM compared to the baseline. 
However, the constant dynamic pressure requirement dictated that the vehicle flew at a α range 
higher than what would have been ideal from the lowest possible minimum PM. This indicated that 
an elevon trim penalty is less than an increase in wing area along with the associated drag and mass 
increases or perhaps also due to the improved engine thrust associated with a higher α. The 
optimised vehicle achieved a Mach number of 9.69 and the resulting launch system was able to 
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deliver 69 kg into the desired SSO thus from a payload delivery point of view optimising the 2nd 
stage for maximum Mach number in isolation from the other stages is not a sensible option, unless 
the size of the 3rd stage is fixed for all vehicles in the study. 
To include the 1st and 3rd stages of the launch stages into the optimisation procedure SPARTAN was 
optimised to maximise the PLMF into the desired SSO. The most notable changes for the optimised 
vehicle were the increase in boat tail half angle, increase in engine size, and the decrease in wing 
size and incidence angle. These changes resulted in an increase in lift and thrust forces with the 
overall drag remaining similar to that of the baseline. The increase in engine size resulted in a larger 
centrebody to accommodate the larger 3rd stage (45.3 % larger).  
Compared to the baseline the most notable changes in PM were a significant negative increase from 
the boat tail expansion, a large positive increase from the fuselage PM, an increase from the thrust 
PM, and a reduction in the PM from the wing. The larger PM contribution from the boat tail was 
expected due to the lower half angle giving a much larger expansion surface for the exhaust gasses. 
This also contributed to the increased lift of the vehicle. The wing PM contribution was lower than 
that of the baseline’s due to the decreased incidence angle and reduced wing area. The decreased 
incidence angle and reduced wing area did however provide a large reduction in drag from the 
wings. These changes contributed to the lower flight averaged absolute pitching moment resulting 
in lower elevon drag penalties. Overall the vehicle used the improved performance from the 
optimised vehicle to accelerate and lift a much heavier 3rd stage to a final Mach number of 9.47 and 
the system was able to achieve a PLMF of 1.56 % delivering 395.8 kg into the SSO.  
Next SPARTAN was optimised for maximum flight Isp*. Interestingly the vehicle had very similar 
geometry features compared to the PLMF optimised vehicle with the exception of the wing size. 
The Isp* vehicle had a much larger wing half span and an smaller negative incidence angle. The 
wing is at a negative incidence, but still at a positive angle relative to the freestream. Therefore it is 
important to note that it is not producing a negative lift. A smaller wing at a positive incidence 
would produce the required lift but in this case the Isp* vehicle had larger wings at a negative 
incidence angle. It is believed than in the case of the PLMF and Isp* vehicles, due to the α schedule 
dictated by the flight controller, that the drag of larger wings at lower incidence is less than for 
smaller wings at higher incidence. Comparing the two vehicles it can be noted that the larger wing 
of the Isp* vehicle did result in higher lift and drag forces, but the slightly larger engine produced 
more thrust to offset the drag increase. The larger wing and engine sizes also contributed to a 
weight gain of 735.3 kg (for only a 1.3 kg gain in extra mass delivered to orbit) over the PLMF 
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vehicle resulting in a lower payload mass fraction of 1.48 % despite the larger flight Isp* of 987.7 s. 
Interestingly, this vehicle had the highest flight averaged absolute pitching moment of all the 
optimised vehicles and thus required elevon trim across the entire flight but in this case the 
performance gains from the planform that was not ideal for minimum pitch trim was more 
important than to reduce pitching moment trim to zero. 
It is important to note that parameterisation and packaging are key to a MDO approach to vehicle 
design. In this study an engine size increase results in a larger centrebody.  This was important 
because larger engines process more air mass flow thus requires more fuel flow. Ideally it is desired 
to have many parameters to decouple these effects but processing time becomes more expensive. 
For all the investigated optimisation performance parameters the optimised vehicles had Ispnet at the 
end of the trajectories close to that of the 3rd stage rocket’s Isp indicating that there was enough tank 
volume such that running out of fuel was not a constraint.  
To assess the importance of trim drag on the performance of the SPARTAN for space access the 
vehicle was optimised for minimum flight averaged Absolute Pitching Moment (APM). In 
comparison to the baseline the most notable changes for the APM optimised vehicle were the 
decreased forebody and boat tail half angles, the positive increase in wing incidence angle and a 
larger wing half span. Interestingly, the APM vehicle had a reduced forebody half angle, but despite 
the different Φ, the PM from the forebodies were very similar for flight conditons at low α. This 
was due to the panels on the cone’s upper and lower surfaces experiencing similar pressure 
distributions (not levels) for any given Φ at low α. It was noted that as α increased the PM 
contribution from a smaller Φ forebody did increase at a higher rate compared to that of a larger Φ. 
Overall the APM vehicle did have a greatly reduced untrimmed PM that was close to zero, thus 
requiring very little elevon correction. The APM optimisation resulted in a vehicle that has an α 
schedule that satisfied the desired trajectory and that also minimised the PM of the vehicle. In fact 
the α range was the lowest for all vehicles investigated due to the longer shallower boat tail and also 
the positive inclination angle on the larger wing aiding lift generation at lower α. In comparison to 
the Mach optimised vehicle which had a flight schedule to gain better performance from a higher α 
vs a lower α for PM reduction. This highlights the importance of vehicle optimisation across a 
trajectory. For all vehicles investigated in this study the general trend was for the PM to increase 
and for net thrust to decrease with an increase in α. Note that thrust actually increases with an 
increasing α but unfortunately so too does the drag with significant increases (mainly due to wave 
drag as viscous drag remains relatively constant) especially from the elevons. Therefore the vehicles 
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desired to fly at lower α but in order to carry the mass of the 3rd stage, which is very important for 
space access, it was required to fly at higher α to generate enough lift.  
In contrast to the APM vehicle’s trajectory, the trajectory PM trends from the Isp* and PLMF 
optimised vehicles resulted in an initially high untrimmed PM requiring downwards elevon 
deflections to correct for pitch trim. This was beneficial for lift but at the cost of increased drag due 
to trim. It should be noted that at low Mach numbers and high α, thrust production from the 
scramjets were large and easily countered the trim drag penalty whereas the heavy vehicle with a 
large 3rd stage and full initial fuel load could benefit from the additional lift obtained from the 
elevons. On the other hand vehicle drag, and trim drag, minimisation becomes more important near 
the end of the trajectory where it is difficult to obtain net thrust to accelerate the vehicle. This is due 
to the relatively constant vehicle drag throughout the trajectory (mainly due to the decreasing α 
schedule) in combination with the ever decreasing thrust potential from the scramjets at higher 
Mach numbers. This was observed in all of the thrust and drag breakdown graphs.  
Interestingly in this vehicle study, under the geometry, packaging, fixed centre of gravity, and 
required constant q0 trajectory constraints, the vehicle optimised for minimum PM trim 
requirements had the 2nd lowest PLMF, terminal Mach number and payload mass into the desired 
SSO, and the lowest Isp*. Indicating that there are some benefits moving away from an untrimmed 
PM of zero for performance gains in other aspects of the vehicle design. It is important to note that 
the APM vehicle shape overall had higher drag and mass compared to the baseline despite the 
reduced elevon drag. Indicating that minimising the elevon trim drag does not mean that the vehicle 
is drag minimised. I.e. the shape of the vehicle for minimum trim requirements meant that the drag 
of certain components actually increased overwriting the reduction in drag obtained from reduced 
elevon trim. 
Trim effects play an intricate yet counter intuitive role in the design of hypersonic space access 
vehicles that have to 1) accelerate a package, and 2) trade-off between performance and mass 
delivered to orbit. It would appear that the maximum Mach number for the airbreathing stage is not 
that critical, neither is a reduction of PM trim to near zero. Some trim is beneficial for lift 
generation. However there might be some physical limits on how much trim can be obtained from 
actual elevons and in that case it has been shown that a near zero untrimmed PM vehicle is feasible 
and does give reasonable results (M=9.37 and PLMF=1.22 %).  
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Finally, SPARTAN was optimised to maximise the ASAPP performance parameter. In comparison to 
the baseline the most notable changes for the ASAPP optimised vehicle were the increased engine 
size, reduced boat tail half angle and introduction of wing incidence angle. As for the PLMF and 
Isp* vehicles the ASAPP vehicle had a large engine almost entirely on the centrebody for the 
increased thrust but also for the increased 3rd stage size. This vehicle favoured the lift benefits of the 
larger fuselage and inclined wings over the increased drag.  
This vehicle had a flight averaged absolute pitching moment of 30.4 kNm which was 31.5 % less 
than that of the Isp* vehicle but 58.8 % more than that of the PLMF vehicle. Interestingly it did 
have a significantly lower peak flight PM of 76.3 kNm, compared to the PLMF’s 127.1 kNm and 
Isp*’s 134.5 kNm. This resulted in a reduced peak elevon trim requirement. The ASAPP vehicle had 
a large PM component contribution from the fuselage. This increase is believed to be due to the 
long forebody and centrebody, both increasing the lever arm to the vehicle’s CG. In addition to this, 
the camber in the forebody results in an increased pressure on the bottom surfaces and a decreased 
pressure on the top surfaces of the forebody, both contributing to a positive PM increase. Similar to 
the PLMF vehicle, this vehicle seems to favour the trim and performance benefits of a larger boat 
tail over the increase in boat tail mass. It can be seen that even though the magnitudes in the PM 
contribution of the vehicle components all increased, there are now regions in the investigated flight 
conditions where the vehicle required no elevon input to be trimmed for PM. For instance at Mach 6 
if the α is set at 2.8° the vehicle will be self-trimmed. I.e. it will not require elevon input to have a 
PM of zero. It is interesting to note that for high α the vehicle PM was quite large. Therefore if the 
trajectory was flown at higher α the vehicle would off had a very large PM, with correspondingly 
large elevon drag and lift. However, the constant dynamic pressure trajectory dictated by the flight 
controller resulted in lower α, keeping the PM down.  
The ASAPP optimised vehicle delivered 387.4 kg into the desired SSO yielding a 1.46 % payload 
mass fraction. This is favourable to a rocket only launch system of the same scale. In addition to 
this it must be noted that the 2nd stage fuel mass fraction of 18.3 % is much better than the typical 
90 % for rockets. The aircraft like reusable stage makes up 22.7 % of the total system wet mass.  
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In closing, it can be noted that in order to gain the most benefits out of a multi technology launch 
system it is important to use the different technologies where they have the best performance 
benefits. In this case use the aircraft like performance of the airbreather to lift and accelerate a 
heavy 3rd stage rocket to around Mach 9.4. At Mach numbers past this it becomes difficult for the 
SPARTAN to produce a useful net thrust and it is best to then use a rocket stage for the remainder of 
the mission. This concludes the optimisation chapter. The next chapter will draw overall 
conclusions about this body of work. 
 
Table 6.6.1: Independent Parameter values for the optimised vehicles. 
Vehicle	 F	 Ca	 Cp	 C	 iW	 s	 wcap	
	 [deg]	 [m]	 [%Lfb]	 [deg]	 [deg]	 [m]	 [m]	
Baseline	 5	 0	 -	 14	 0	 4.45	 0.65	
Mach	 4.0041	 0.3077	 50.81	 14.0646	 1.5275	 3.2041	 0.5551	
PLMF	 6.2886	 0.0353	 96.56	 7.9060	 -1.4614	 4.2367	 0.7459	
Isp*	 6.5486	 0.0762	 88.14	 7.9500	 -0.7422	 5.9894	 0.7612	
APM	 4.0343	 0.0091	 95.95	 9.6643	 1.7688	 5.5430	 0.6542	
ASAPP	 4.0170	 0.1990	 82.53	 7.6774	 1.1091	 5.6841	 0.7385	
	
	
Table 6.6.2: Mass breakdown for the optimised vehicles (all values in kg.) 
Vehicle	 m2w	 m2s	 m2p	 m3w	 m3s	 m3p	 m3hs	 m*	
Baseline	 8755.1	 4910.5	 994.6	 2850.0	 345.0	 1922.9	 302.8	 279.8	
Mach	 6111.6	 4060.3	 789.2	 1262.5	 202.4	 804.3	 187.8	 68.0	
PLMF	 10755.1	 5445.7	 1167.9	 4141.5	 467.2	 2882.5	 396.0	 395.8	
Isp*	 11490.4	 5968.7	 1193.1	 4328.6	 486.7	 3035.3	 409.5	 397.1	
APM	 9206.6	 5367.7	 1089.3	 2749.6	 335.9	 1851.7	 295.5	 266.5	
ASAPP	 11369.4	 6019.4	 1347.8	 4002.1	 453.5	 2775.3	 385.9	 387.4	
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Table 6.6.3: Performance data for the optimised vehicles. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 msystem	 Time	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [kg]	 [s]	
Baseline	 9.34	 1.350	 888.7	 131.011	 6244	 20712.7	 219.9	
Mach	 9.69	 0.471	 847.1	 33.469	 2348	 14458.8	 244.2	
PLMF	 9.47	 1.556	 969.7	 19.146	 6623	 25444.4	 185.5	
Isp*	 9.38	 1.481	 987.7	 44.376	 6402	 26814.9	 187.5	
APM	 9.37	 1.224	 857.9	 3.320	 6655	 21780.9	 267.9	
ASAPP	 9.45	 1.460	 876.9	 30.397	 7654	 26535.2	 256.2	
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CHAPTER 7 
 
Conclusions 
 
The purpose of the investigation described in this thesis was to develop and apply a MDO system 
for the design of a pitch trimmed HAAV in order to gain a better understanding of the impact that 
the vehicle planform has on the performance and pitch trim of the vehicle. This was accomplished 
under the overarching goal of developing a 3-STO system targeted at delivering small satellites into 
an orbit suitable for Earth observation missions. The numerical study utilised and expanded on the 
capabilities of the MDO system developed by Jazra (2010) by: 
 
i) Defining a more realistic mission of delivering small satellites up to 500kg into a Sun 
synchronous Orbit of 566.89 km altitude suitable for several earth science missions. 
ii) Increasing the fidelity of the MDO system to enable an accurate estimate of the trim drag. 
This included refining the vehicle mass model and aerodynamic module updates such as 
introducing a 2D aft body exhaust expansion model plus elevon force and pitching 
moment inclusions. 
iii) Introduction of new vehicle planform characteristics that can be optimised for their effect 
on trim.  
iv) Introduction of a high dynamic pressure stage separation and trajectory simulation of the 
third stage rocket. 
 
It is important to remember that in an attempt to manage the size of the vehicles and for fair 
comparison between vehicles, the scale was set by fixing the centre body radius of the SPARTAN to 
1.05 m and constant freestream dynamic pressure trajectories of 50 kPa were flown by all vehicles. 
The following sections will now draw some important conclusions by addressing each of the 
research questions proposed inside of Chapter 1. 
 
What are the performance objectives that are meaningful to a small scale access to space 
airbreathing stage, i.e. how do you quantify the performance?  
For any vehicle optimisation problem the choice of performance objectives is crucial to obtain the 
desired outcome. In this study a number of performance objectives were investigated in order to 
gain a better understanding of how the performance of the HAAV impacts on the overall 
performance of the 3-STO launch system.  
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All launches started from Cape York, Australia with staging of the SPARTAN occurring at Mach 6 
at a dynamic pressure of 50 kPa. The 2nd stage constant dynamic pressure flight terminated upon 
fuel exhaustion at which point the 3rd stage rocket staged at high dynamic pressure to deliver the 
payload into the desired SSO of 566.89 km altitude. The optimisation objectives investigated were 
to: 
 
1. Maximise the flight Mach number of the SPARTAN 
This parameter was used to assess the performance of SPARTAN as a pure accelerator. Jazra (2010) 
found that it was not a good performance objective as other aspects of the system have a large 
impact on the final outcome to deliver a payload into orbit. It was included to investigate just how 
important the final Mach number of the 2nd stage vehicle is as part of a system to launch satellites 
into orbit. It did not include any performance requirement from the 3rd stage other than to be 
capable of delivering a positive payload. An undesirable side effect was that it does not take into 
account the 3rd stage vehicle other than for its mass. 
The optimised vehicle accelerated to Mach 9.69, an improvement over the baseline’s Mach 9.34. It 
did so at the cost of reducing the 3rd stage mass to 1262.5 kg, taking only 68.0 kg into the desired 
SSO. Therefore essentially it reduced the 3rd stage mass. This vehicle was included to investigate 
the importance of the final Mach number of the SPARTAN stage as part of a space launch system, 
and to contrast the trade-offs between mass and achievable Mach number. It was found that due to 
the parameterisation and packaging constraints of the system that the maximum Mach number 
achievable by the SPARTAN was Mach 9.69. 
 
2. Maximise the payload mass fraction (PLMF) of the system 
The goal of this performance parameter was to include the entire launch system into the 
optimisation process by improving the payload mass fraction of the rocket-scramjet-rocket package. 
The performance of the SPARTAN affects the launch system PLMF in numerous ways. For instance 
a reduction in the size of the 2nd stage reduces the mass of the 1st stage rocket as it needs less 
propellant to boost the lighter SPARTAN to its starting conditions; however the smaller 2nd stage 
has a smaller 3rd stage with potentially less payload which may override the benefits of a reduced 
launch system mass. On the other hand an increase in the size of the SPARTAN results in an 
increased launch system mass with a potential increase in payload mass, which may or may not 
result in an increased PLMF. It was found that the later holds true for this study. 
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In this case the performance of the larger engines and boat tail along with the increased lifting 
capability to accelerate and lift the much heavier 3rd stage seemed more important than a reduction 
in overall vehicle mass and maximising the final Mach number. The PLMF optimised vehicle had 
greatly reduced flight averaged untrimmed PM compared to the baseline and Mach optimised 
vehicles. However, interestingly the initial untrimmed PM increased resulting in increased elevon 
drag and lift forces. The improved thrust from the larger engines was able to compensate for the 
drag increase and it is believed that the elevon lift force was beneficial in aiding to lift the heavier 
(with initial fuel load) vehicle. 
The optimised vehicle accelerated a heavy 4141.5 kg 3rd stage to Mach 9.47, which in turn 
delivered a 395.8 kg payload to the desired SSO. This resulted in a PLMF of 1.56 %; a significant 
improvement over the Mach optimised vehicle’s 0.47 %.  
 
3. Maximise the flight Isp* of the SPARTAN 
This performance parameter was included in the study to see what impact the requirement for the 
HAAV to be pitch trimmed along a trajectory has on the performance of the vehicle and in turn on 
the launch system. It appeared that the vehicle traded off the drag increase penalties of a larger 
fuselage and wings for the performance increase of a larger boat tail and engines, contributing to the 
improved Isp* of 987.7 s.  
The larger wing and engine sizes contributed to a weight gain of 735.3 kg (for only a 1.3 kg gain in 
extra mass delivered to orbit) over the PLMF vehicle resulting in a lower payload mass fraction of 
1.48 % despite the improved Isp*. It must be noted that care should be taken to ensure that the 
vehicle carries a decent 3rd stage load to take full advantage of the improved performance of the 
SPARTAN as the size of the 3rd stage is not directly accounted for in this optimisation performance 
parameter. Thus parameterisation and packaging are key to a MDO approach to vehicle design. 
 
4. Minimise the flight averaged absolute pitching moment (APM) of the SPARTAN 
The goal of this parameter was to find a SPARTAN with the least possible elevon trim requirement 
across the accelerating trajectory in order to better understand the impact of pitch trim on the 
performance of a HAAV as part of a space access stage.  
The optimisation resulted in a vehicle that had a α schedule that satisfied the desired trajectory and 
that also minimised the PM of the vehicle. Showing that it is important to optimise the vehicle 
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across a trajectory. But interestingly, the vehicle shape overall had higher drag and mass compared 
to the baseline despite the reduced elevon drag. In this study, under the geometry, packaging, fixed 
centre of gravity, and required constant q0 trajectory constraints, the vehicle optimised for minimum 
PM trim requirements had the 2nd lowest PLMF, terminal Mach number and payload mass into the 
desired SSO, and the lowest Isp*. Indicating that minimising the untrimmed PM of the vehicle does 
not necessarily result in the best performance and that there are some benefits moving away from an 
untrimmed PM of zero for performance gains in other aspects of the vehicle design. 
Overall the vehicle achieved a Mach number of 9.37 and a reasonable payload mass fraction of 1.22 
% delivering 266.5 kg into the SSO even though there was no explicit optimisation driver for this. 
This parameter may become very important if the elevon input of a HAAV needs to be minimised 
for physical limitations such as avoiding excessive temperature build-up of deflected elevons for 
extended periods of time. 
 
5. Maximise the airbreathing space access performance parameter (ASAPP) 
This parameter was investigated to maximise SPARTAN performance in terms of Isp* and payload 
mass into orbit. Furthermore, the mass of the 2nd and 3rd stages were included in the calculation of 
the ASAPP parameter in an effort to reduce the final system mass as much as possible. The reason 
being that for a parameterised vehicle having a high Isp* does not necessarily result in a high pay 
load as the vehicle may not have an ideal payload configuration. Additionally for a reusable vehicle 
the maximum PLMF may not be as important as having a vehicle with other performance benefits 
such as reduced elevon trim input. This parameter accounts for trim drag, as part of overall vehicle 
drag, but it does not prioritise it exclusively like the APM optimised vehicle. It also accounts for a 
high pay load mass fraction but does not prioritise it exclusively like the PLMF vehicle. 
Overall the vehicle showed strong performance accelerating a 4002.1 kg thirdstage to a Mach 
number of 9.45. This vehicle did not have the best Isp* or PLMF but it did have a reduced elevon 
trim requirement across the flight with elevon deflections between only 1.6° and -0.8°. The system 
delivered 387.4 kg (a 1.46 % payload mass fraction) into the desired orbit. For a reusable system the 
reduced elevon input may be important for physical limitations and then this parameter may be a 
useful optimisation objective for the design of a reusable HAAV as part of a multi stage space access 
system. 
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What are the key planform parameters that impact on the pitch trim of the vehicle and what 
effect do these parameters have on the pitch and performance of the vehicle along a constant 
dynamic pressure accelerating trajectory?  
By carefully defining the vehicle’s planform with key geometry parameters, along with sensible 
ranges and limits, the MDO based approach helped to identify the key parameters that affected the 
pitch trim and performance of the SPARTAN. As discussed inside Chapter 4 the vehicle geometry 
was fully defined by seven design parameters. These were (i) the forebody half angle, Φ, (ii) the 
maximum forebody camber amount, Ca, (iii) the maximum camber position along the forebody, Cp, 
(iv) the boat tail half angle, Χ, (v) the engine inlet capture width, wcap, (vi) the wing incidence angle, 
iw, and (vii) the wing half span, s. The following sections will now conclude on the effect that these 
parameters had on the trim and performance of the vehicle. 
 
1. Fuselage (Parameters Φ, Ca, Cp and Χ) 
The fuselage of the SPARTAN consisted of a conical forebody, a cylindrical centre body and, a 
truncated conical boat tail. The four  optimisation variables related to the fuselage were (i) the 
forebody half-angle in the symmetry plane, Φ, (ii) the maximum forebody camber amount, Ca, (iii) 
the maximum camber position along the forebody, Cp and (iv) the boat tail angle, Χ. 
The forebodies of the Isp* and APM optimised vehicles made for good comparison on the effect 
that  Φ had on the PM and performance of the vehicles due to the small amount of camber and 
similar vehicle lengths. The APM vehicle prefered a small Φ  of 4.03° while the Isp* vehicle 
prefered a larger Φ 6.55°. It was noted that the pressure for the Isp* forebody, and hence the also 
the PM, was higher due to the larger Φ and therefore the fuselage drag was also significantly higher, 
despite it having a similar fuselage length to the APM vehicle. It should also be noted that the 
increased Φ resulted in increased mass airflow into the engines which resulted in increased thrust. 
Interestingly despite the different Φ, the PM trend for an increase in α from these forebodies was 
very similar for flight conditons at low α. This was due to the panels on the cone’s upper and lower 
surfaces experiencing similar pressure distributions (not levels) for any given Φ at low α. The lower 
surface panels contributed to a nose up PM and the upper surface panels contributes to a nose down 
PM.  
It was found that as α increased the PM contribution from a smaller Φ forebody did increase at a 
higher rate compared to that of a larger Φ. In general the forebody PM increased almost linearly 
with an increase in α upto a point where α = Φ. At this stage the rate of change in PM increased 
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markedly due to upper surfaces of the  forebody moving into the shadow region of the flow. Note 
that these surfaces still experienced a positive pressure albeit at a reduced level while the bottom 
surfaces experienced ever increasing pressure.  
The introduction of forebody camber influenced the pressure distribution across the forebody. The 
Mach and ASAPP optimised vehicles had the most significant forebody camber and interesting it 
impacted them in different ways. For the Mach optimised vehicle the camber resulted in a forebody 
where the front section was drooped down. Thus the camber increased the incidence angles of the 
upper forward forebody surfaces relative to the freestream to result in a higher nose down PM 
contribution from this area of the forebody, and vice versa the surface areas on the bottom of the 
forebody were at reduced incidence angles relative to the freestream to result in a lower nose up PM 
from this area. In the ASAPP optimised vehicle the camber at the tip of the forebody resulted in an 
overall increase in incidence angle of the entire forebody. This increased the pressure on the bottom 
surfaces and decreased the pressure on the top surfaces of the forebody, both contributing to a 
positive nose up PM increase. It must be noted that due to the coupling between engine size and 
centrebody length the size of the engine impacted on the effect that the forebody and the fuselage 
had on the PM, through a change in lever arm length, just as much as the fuselage specific 
parameters have. The design needs to be considered as a MDO problem. 
The boat tail half angle had a fairly straight forward impact on the vehicle pitch and performance. A 
reduction in Χ resulted in an increased nose down PM with increased lift and thrust forces. 
However, as Χ decrease the boat tail length increased which resulted in a mass increase. The PLMF, 
ASAPP and Isp* vehicles all desired to reduce Χ and seemed to favour the trim and performance 
benefits of a larger boat tail over the increase in boat tail mass. For the Isp* vehicle the reduced Χ 
resulted in a significant thrust contribution from expansion forces on the boat tail surface. This 
contributed 32.7 % of the total thrust.   
 
2. SCRAMjet engine (parameter wcap) 
The scale and axial position of the scramjet engines were important design variables. The engine 
scale was set by wcap which was one of the vehicle design parameters. The axial position of the 
scramjet engines was a derived variable that was dependent on Φ and wcap. It is important to note 
that the length of the centrebody, and therefore the fuel mass, were dependent on the engine 
location and length. This was important because larger engines process more mass flow thus 
requiring more fuel mass flow. Ideally it is desired to have many parameters to decouple these 
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effects but processing time becomes more expensive. For all the investigated optimisation 
performance parameters the optimised vehicles had Ispnet at the end of the trajectories close to that 
of the 3rd stage rocket’s Isp indicating that there was enough tank volume such that running out of 
fuel was not a constraint. This exemplified the need for careful parameterisation and packaging in a 
MDO approach to vehicle design.  
In general the engine parameter impacted on the trim and performance of the vehicle through thrust 
production, but also by influencing the layout of the vehicle. A increase in wcap resulted in a larger 
thrust and also a larger moment arm resulting in a increasead nose up PM. The increased size of the 
engine impacted on the planform of the vehicle through an increase in centrebody length, and also 
an increase in the wing root chord both of which affected the vehicle’s CG location and also its 
mass. It was found that the APM and Mach optimised vehicles had smaller engines while the 
PLMF, Isp* and ASAPP vehicles had large engines almost entirely on the centrebody. 
 
3. Wings (parameters s and iw) 
The SPARTAN design relied on delta wings for lift generation. The two design parameters chosen 
for the wings were the wing half span, s, and the wing incidence angle, iw. The wings were aligned 
vertically with the vehicle’s axis line and they were positioned axially such that the unswept trailing 
edges lined up with the aft end of the engine. The front of the wing was attached to the cowl of the 
scramjet module. Thus the wing root chord was dependent on the engine size. The wing half span 
was chosen as a means of varying the wing plan form area, important for lift generation, and iw was 
introduced to investigate the impact that an inclined wing would have on the pitch trim of the 
vehicle.  
It was found that due to the wing layout and positioning on the SPARTAN that for most cases the 
wing had a centre of pressure that was near the CG of the vehicle. As such in general the vehicles 
planform (through its influence on CG location) influenced how much contribution the wing 
parameters had on the PM of the vehicle. The Mach optimised vehicle did show a large nose down 
PM contribution from the wing, In this case it was a combination of a smaller s with a smaller 
fuselage centre body (due to the small engine size) that placed the wing’s centroid further behind 
the vehicles CG, allowing the positive iw to increase the nose down PM.   
An interesting case was that of the Isp* vehicle where the wing’s PM contribution was almost 
negligible but it did have a negative iw. It is believed than in this case, due to the α schedule dictated 
by the flight controller, that the drag of the larger wing at a lower iw was less than for a smaller wing 
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at a higher iw. It is important to note that the wing did not produce a negative lift as it was still at a 
positive angle relative to the freestream. A smaller wing at a positive iw would have produced the 
required lift but the wing increased in size due to a larger root chord from an increased engine size 
and from a larger s. It is proposed that if the vehicle required a smaller wing it would have reduced 
and not increased the s.   
It was found that the wing had a large impact on the pitch and performance contribution from the 
other vehicle parameters due to it contributing to the lift of the vehicle. As such, especially with the 
wing parameters, it is important to consider the integrated effect of the vehicle planform in addition 
to the trajectory requirements on the PM and performance of the vehicle. This was highlighted in 
the APM optimisation which resulted in a vehicle that had an α schedule that satisfied the desired 
trajectory and that also minimised the PM of the vehicle. In fact the α range was the lowest for all 
vehicles investigated due to the longer shallower boat tail and also the positive inclination angle on 
the larger wing aiding lift generation at lower α. In comparison to the Mach optimised vehicle, with 
small wings, which had a flight schedule to gain better performance from a higher α vs a lower α for 
PM reduction. This highlights the importance of the MDO approach to HAAV vehicle design. 
 
 
What are the planform characteristics of a HAAV that need to be optimised for minimum 
integrated trim drag? 
The drag contribution from the elevons when used to trim the vehicle for zero pitching moment 
can be significant and therefore can ideally be reduced by setting the vehicle planform to a shape 
that requires minimum elevon trim across the entire mission. It was shown that the vehicle’s 
planform (dictated by the parameter choices) and the trajectory requirement (dictated by the 
constant dynamic pressure α schedule) both heavily impacted on the PM of the vehicle. In order to 
investigate just how large a role pitch trim plays in the performance of a HAAV in an access to 
space application the SPARTAN was optimised for a minimum flight averaged integrated pitching 
moment. The independent vehicle geometry parameters for the APM optimised vehicle were as 
follows:  
1) A slender forebody with a half cone angle of 4.0°,  
2) A forebody with a camber amount so small that it could be considered negligible and 
therefore the camber location parameter was not applicable, 
3) A long boat tail with a relatively shallow angle of 9.7°,  
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4) A mid-range sized engine with a capture width of 0.654 m, 
5) A large wing half span of 5.98 m, and 
6) A positive wing incidence angle of +1.8°. 
The wing had a large area due to the combination of a mid-sized root chord, due to the engine size, 
with a large half span. Because of the small forebody half angle the engine was positioned slightly 
upstream of the forebody/centrebody junction. Therefore there was still a reasonably sized 
centrebody for fuel storage and a decently sized 3rd stage. The combination of a longer forebody 
and boat tail resulted in an overall vehicle length of 26.56 m. The 2nd stage wet mass of 9,206.6 kg 
was about mid-range (compared to the other investigated vehicles in this study) primarily due to the 
mid-range engine size with the other parameter choices adding to this mass. The longer forebody 
was larger and heavier but also gave a larger conical fuel tank which carried more fuel. The shallow 
boat tail angle resulted in a larger boat tail which added mass to the system. The large wing half 
span also contributed to the increased mass. 
The vehicle showed good performance and flew the 50kPa constant freestream dynamic pressure 
trajectory at a low α range of  between 2.84° to 3.53°. This was likely due to the increased wing 
area, positive wing incidence angle and increased lift expected from the exhaust expansion on the 
larger boat tail all contributing positively to the lift. And also due to the mid sized engine thrust 
resulting in lower required α, dictated by the dynamic pressure flight controller.  
As expected the vehicle’s PM across the entire flight was greatly reduced compared to the 
baseline’s, and was very near to being neutrally trimmed, thus requiring very little elevon 
correction. It was found that the nose down PM contribution from the wing and boat tail expansion 
countered the nose up PM from the fuselage (forebody), thrust, and engine shell. The slender 
forebody and the shallow boat tail angle significantly reduced the untrimmed PM of the vehicle. 
There was a large increase in boat tail expansion PM. This was expected due to the lower half angle 
giving a much larger expansion surface for the exhaust gasses. The reduced angle also results in a 
lower pressure drop from the expansion. This vehicle seems to favour the trim and performance 
benefits of a large boat tail over the increase in boat tail mass. Interestingly despite the larger size of 
the wing and the positive inclination angle the wing PM contribution is quite small compared to the 
fuselage’s indicating that its centre of pressure must lie closer to the CG of the vehicle. 
The APM optimisation resulted in a vehicle that had an α schedule that satisfied the desired 
trajectory, but that also minimised the PM of the vehicle. Interestingly the design had less net thrust 
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overall compared to the baseline despite the reduced elevon drag. Indicating that minimising the 
elevon trim drag does not mean that the vehicle is drag minimised. I.e. the shape of the vehicle for 
minimum trim requirements meant that the drag of certain components actually increased 
overwriting the reduction in drag obtained from reduced elevon trim. This is also reflected in the 
Isp* of the vehicle being the lowest out of all the vehicles presented. The vehicle accelerated to a 
final Mach number of 9.37 which is slightly better than the baseline’s Mach 9.34 delivered a 
reasonable 266.5 kg into the SSO representing a pay load mass fraction of 1.22 % 
 
This concludes the findings of this body of work. The following Chapter will now list some 
recommendations for future work pertaining to the design of a SPARTAN vehicle as part of a 3-STO 
small launch system. 
CHAPTER 8 
 
Recommendations 
 
The investigation described in this thesis was concerned with the impact of pitch trim on the 
design and performance of the SPARTAN airbreathing stage that forms part of a small launch 3-STO 
system. In order to advance the work the following recommendations are made: 
 
1. Advancing the SPARTAN design 
• Decouple the wing root chord length from the engine length. This will 1) give vehicles with 
large engines some flexibility to reduce the wing size through wing half span and root chord, 
and 2) allow the wing area to move behind the CG of the vehicle which will contribute to a 
nose down PM that could reduce elevon deflections. 
• Investigate a lower staging Mach number for the SPARTAN. It is suggested that the 
SPARTAN can contribute to a performance gain over a larger Mach range if the staging 
Mach number is dropped to Mach 5. 
• The exhaust gas expansion on the boat tail of the SPARTAN has a large contribution on the 
trim, lift and thrust of the vehicle. Currently these surfaces are planar. It is expected that 
performance can be improved on through optimisation of the boat tail expansion surfaces. 
• Update the detailed CAD model (Gauthier, 2011) to represent the PLMF vehicle. This model 
can then be used to find a suitable CG location and mass distribution which can be used in a 
vehicle stability study. 
• An Investigation into the thermal loads on the SPARTAN vehicle across a trajectory. The 
majority of the optimised vehicles required large initial elevon deflections of around 10 
degrees for pitch trim and it is expected that thermal loading would be an important factor at 
these conditions and as such should be investigated. 
 
2. Refining the MDO system 
• Account for atmospheric and gravity losses in the 1st stage trajectory modelling by flying an 
actual booster trajectory. 
• Include the stability of the SPARTAN into the MDO system. Work in this thesis focused on 
gaining an understanding into the vehicle’s palnform contribution on the pitch trim. The 
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next phase should look at applying the findings to a stability study based on the PLMF 
vehicle as a starting point.  
• Update the system to include transonic and subsonic vehicle performance into the trajectory 
simulations to analyse the return to base capability of the SPARTAN.  
• Update the engine database for a Mach range of 5 to 10. Also include engine internal lift 
force and moment calculations in the database for use in a higher fidelity PM analysis of the 
vehicle.  
• Investigate payload sensitivity. E.g. look into payload sensitivity due to uncertainties in 
structural mass or pitching moment. 
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Appendix A1 
 
 
A1. SPARTAN System weight estimation 
 
The following is the calculation of the system weight for the SPARTAN based upon the method 
outlined in Raymer (2006). This method was used because it was felt that the SPARTAN was closer 
to a fighter plane than a conventional rocket. The baseline vehicle is 22.94 m in length with a 
wingspan of 8.90 m and so is similar in size to the F-15 Eagle. Note that due to the fixed base radius 
of the 2nd stage vehicle, the system mass is assumed to be fixed for all vehicles. It should also be 
noted that the instrument mass accounts for the sensing instruments in the case of an unmanned 
aircraft (not visual cockpit instruments). This section also contains a vehicle dry mass sensitivity 
study to include the effect that vehicle mass estimation error have on the performance of the system. 
 
Systems weight 
𝑊𝑊"#"$%&" = 𝑊𝑊()*+,$	./0$1/)" +	𝑊𝑊30"$14&%0$" +	𝑊𝑊5#6174)*." +	𝑊𝑊8)%.$1*.7) + 	𝑊𝑊79*/0*." 
= 170.6 + 154.8	 + 122.3	 + 413.1	 + 	698.0 
= 1558.7𝐿𝐿𝐿𝐿𝐿𝐿	(707.5	𝑘𝑘𝑘𝑘) 
 
Flight controls 
𝑊𝑊()*+,$	./0$1/)" = 36.28𝑀𝑀M.MMN𝑆𝑆%
M.PQR𝑁𝑁"
M.PQP𝑁𝑁.
M.TUV  
Where; 
𝑀𝑀 = 𝑀𝑀𝑀𝑀𝑀𝑀ℎ	𝑛𝑛𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛 = 	10.0 
𝑆𝑆% = Elevon	surface	area = 28.0𝑓𝑓𝑓𝑓U 
𝑁𝑁" = 𝑁𝑁𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑓𝑓𝑓𝑓𝑓𝑓𝑘𝑘ℎ𝑓𝑓	𝑀𝑀𝑜𝑜𝑛𝑛𝑓𝑓𝑛𝑛𝑜𝑜𝑓𝑓	𝐿𝐿𝑠𝑠𝐿𝐿𝑓𝑓𝑛𝑛𝑛𝑛𝐿𝐿 = 1.0 
𝑁𝑁. = 𝑁𝑁𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑀𝑀𝑛𝑛𝑛𝑛𝑐𝑐 = 0.5	𝑓𝑓𝑜𝑜𝑛𝑛	𝑈𝑈𝑈𝑈𝑈𝑈 
 
Instruments 
𝑊𝑊30"$14&%0$" = 8.0 +	𝑁𝑁%0+
M.uVu𝑁𝑁$
M.UNV + 26.4(1 + 𝑁𝑁.*)T.Nvu 
Where; 
𝑁𝑁%0+ = Number	of	engines = 4.0 
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𝑁𝑁$ = 𝑁𝑁𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑓𝑓𝑀𝑀𝑛𝑛𝑘𝑘𝐿𝐿 = 3.0 
𝑁𝑁.* = 𝑁𝑁𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑀𝑀𝑛𝑛𝑛𝑛𝑐𝑐 = 0 
 
Hydraulics 
𝑊𝑊5#6174)*." = 37.23𝐾𝐾9",𝑁𝑁4
M.uuP  
Where; 
𝐾𝐾9", = Variable	sweep	wing = 1.0	for	none	variable 
𝑁𝑁4 = 𝑁𝑁𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	ℎ𝑠𝑠𝑦𝑦𝑛𝑛𝑀𝑀𝑛𝑛𝑓𝑓𝑓𝑓𝑀𝑀	𝑛𝑛𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑠𝑠	𝑓𝑓𝑛𝑛𝑛𝑛𝑀𝑀𝑓𝑓𝑓𝑓𝑜𝑜𝑛𝑛𝐿𝐿 = 6.0 
 
Electrical 
𝑊𝑊8)%.$1*.7) = 172.2𝑅𝑅Ç97
M.TvU𝑁𝑁.
M.T𝐿𝐿7
M.T𝑁𝑁+%0
M.MRT 
Where; 
𝑅𝑅Ç97 = 𝑆𝑆𝑠𝑠𝐿𝐿𝑓𝑓𝑛𝑛𝑛𝑛	𝑛𝑛𝑓𝑓𝑛𝑛𝑀𝑀𝑓𝑓𝑛𝑛𝑓𝑓𝑀𝑀𝑀𝑀𝑓𝑓	𝑛𝑛𝑀𝑀𝑓𝑓𝑓𝑓𝑛𝑛𝑘𝑘 = 110	𝑘𝑘𝑘𝑘𝑀𝑀 
𝑁𝑁. = 𝑁𝑁𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑀𝑀𝑛𝑛𝑛𝑛𝑐𝑐 = 0.5	𝑓𝑓𝑜𝑜𝑛𝑛	𝑈𝑈𝑈𝑈𝑈𝑈 
𝐿𝐿7 = 𝐸𝐸𝑓𝑓𝑛𝑛𝑓𝑓𝑛𝑛𝑓𝑓𝑀𝑀𝑀𝑀𝑓𝑓	𝑛𝑛𝑜𝑜𝑛𝑛𝑓𝑓𝑓𝑓𝑛𝑛𝑘𝑘	𝑦𝑦𝑓𝑓𝐿𝐿𝑓𝑓𝑀𝑀𝑛𝑛𝑀𝑀𝑛𝑛, 𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑀𝑀𝑓𝑓𝑜𝑜𝑛𝑛	𝑓𝑓𝑜𝑜	𝑀𝑀𝑘𝑘𝑓𝑓𝑜𝑜𝑛𝑛𝑓𝑓𝑀𝑀𝐿𝐿 = 10	𝑓𝑓𝑓𝑓 
𝑁𝑁+%0 = 𝑁𝑁𝑛𝑛𝑛𝑛𝐿𝐿𝑛𝑛𝑛𝑛	𝑜𝑜𝑓𝑓	𝑘𝑘𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑀𝑀𝑓𝑓𝑜𝑜𝑛𝑛𝐿𝐿 = 1	 
 
Avionics 
𝑊𝑊79*/0*." = 2.117𝑊𝑊*79
M.RNN 
Where; 
𝑊𝑊*79 = Weight	of	installed	avionics = 500	lbs (227 kg) 
 
Appendix A2 
 
 
A2. SPARTAN mass estimation sensitivity 
 
This section investigates the impact that vehicle mass estimation error has on the performance of 
the system. Table A2.I and A2.II contains the vehicle properties and performance values for the 
baseline vehicle with a ±10 % change in SPARTAN dry mass (m2s). From the presented data it can 
be seen that a 10% error in the mass estimation of the vehicle dry mass equates to small errors in 
final Mach number (≤1.4%), Isp* (≤2.2%), trajectory time (≤1.0%) and APM (≤4.4%). The 
percentage errors in PLMF and ASAPP are larger at ≤10.2% and ≤7.4% respectively. 
 
Table A2.I: Vehicle properties. 
Vehicle	 m2w	[kg]	 m*[kg]	
Baseline	 8755.1	 279.8	
Baseline	Heavy	 9246.2	 273.2	
Baseline	Light	 8264.0	 287.0	
	
	
Table A2.II: Performance data for the vehicles. 
Vehicle	 Mach	 PLMF	 Isp*	 𝑨𝑨𝑨𝑨𝑨𝑨$$$$$$$	 ASAPP	 Time	
	 [-]	 [%]	 [s]	 [kNm]	 [s2]	 [s]	
Baseline	 9.34	 1.350	 888.7	 131.011	 6244	 219.9	
Baseline	Heavy	 9.22	 1.266	 906.5	 136.5	 5833	 217.8	
(%	change)	 (-1.3)	 (-6.2)	 (+2.0)	 (+4.2)	 (-6.6)	 (-1.0)	
Baseline	Light	 9.47	 1.488	 869.5	 125.3	 6709	 222.1	
(%	change)	 (+1.4)	 (+10.2)	 (-2.2)	 (-4.4)	 (+7.4)	 (+1.0)	
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Appendix B 
 
 
B. HYPAERO 
 
The vehicle geometry and the analysis of the external aerodynamic forces are undertaken using a 
computer code named HYPAERO (Jazra and Smart, 2009). This section contains a summary of the 
HYPAERO code in the form of a flow chart, see Fig. B.1.  
 
 
Figure B.1: HYPAERO flow diagram. 
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Note # 
The following expands on the calculation of aerodynamics inside HYPAERO: 
Once the surface geometry mesh is defined the local Pressure and Mach distributions, for all 
exposed surface panels, are calculated using inclination methods (Anderson, 2006). Sharp bodies 
(weak shock) utilises the Tangent Wedge method and isentropic Prandtl Meyer expansion for 
attached 2D flow or the Tangent Cone method and conical shock expansion method in the case of 
attached 3D flow. Blunt bodies (strong shock) utilises the modified Newtonian flow method for 
detached flows. Local density and Temperature profiles are then calculated assuming calorically 
perfect gas. 
To obtain viscous forces local panel Reynolds numbers are calculated and the Boundary layer 
transition point is obtained through the use of a correlation by Bowcut et al (1987). Skin friction can 
then be obtained by the Meador and Smart reference enthalpy method (2005) for laminar boundary 
layers or the van Driest II method (1956) for Turbulent boundary layers. 
 
Appendix C 
 
 
C. 3rd Stage Aero Deck 
 
This section contains the aero deck for the rocket powered 3rd stage. It was generated with Missile 
Datcom using the 3rd stage from the baseline SPARTAN as a reference model. Details for the 
geometry can be found inside section 4.1.2. The aero deck can be seen in tables C.1 and C.2 below, 
drag and lift coefficients are tabulated vs angle of attack and Mach number. 
 
Table C.1: 3rd Stage Lift Coefficient Aero Deck. 
Mach Angle of attack (deg.) 
 0 2 4 6 8 10 
9 0 0.0862 0.2262 0.3899 0.5697 0.776 
10 0 0.0864 0.2266 0.3837 0.5624 0.7755 
11 0 0.0865 0.2269 0.3792 0.5571 0.7762 
12 0 0.0879 0.2251 0.3747 0.5561 0.777 
13 0 0.0886 0.222 0.372 0.5572 0.7784 
14 0 0.089 0.2195 0.3693 0.5573 0.7786 
15 0 0.0896 0.2177 0.3671 0.557 0.7781 
16 0 0.0903 0.2161 0.3664 0.5566 0.7778 
17 0 0.0909 0.2141 0.3661 0.5562 0.7773 
 
 
Table C.2: 3rd Stage Drag Coefficient Aero Deck. 
Mach Angle of attack (deg.) 
 0 2 4 6 8 10 
9 0.0758 0.0788 0.0916 0.1167 0.1558 0.2126 
10 0.0728 0.0759 0.0886 0.1131 0.1519 0.2095 
11 0.0699 0.073 0.0858 0.1098 0.1483 0.2068 
12 0.0666 0.0696 0.0823 0.1059 0.1448 0.2036 
13 0.0592 0.0623 0.0748 0.0984 0.1377 0.1967 
14 0.0587 0.0617 0.0741 0.0975 0.1371 0.1962 
15 0.0618 0.065 0.0771 0.1004 0.1402 0.1991 
16 0.0647 0.0678 0.0798 0.1033 0.143 0.2019 
17 0.0681 0.0713 0.083 0.1066 0.1463 0.2052 
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Appendix D 
 
 
D. SPARTAN Drag and thrust breakdown 
 
The drag and thrust breakdown for the baseline and optimised vehicles are documented inside this 
section. The plot shows drag and thrust data for a range of α’s at a fixed flight Mach number of 
Mach 10. The first three bars show the drag on the fuselage (F), scramjets (S) and wings (W) each 
broken down into viscous and inviscid forces. The fourth bar shows the drag force from the elevons. 
The fifth bar shows the thrust (T) breakdown in terms of internal thrust generation (obtained from 
the RESTM12 propulsion database (Jazra, 2009)) and thrust obtained from the expansion of the 
exhaust gases on the boat tail bottom surfaces. The last bar shows the net thrust (Tnet) obtained from 
the vehicle. 
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(b) 
 
 
 
(c) 
 
Figure D.I.1: Drag and thrust breakdown for the baseline vehicle at a) Mach 6, b) Mach 8 and c) Mach 10. 
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II. Mach 
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(c) 
 
Figure D.II.1: Drag and thrust breakdown for the Mach vehicle at a) Mach 6, b) Mach 8 and c) Mach 10. 
 
III. PLMF 
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(b)  
 
 
 
(c)  
 
 
Figure D.III.1: Drag and thrust breakdown for the PLMF vehicle at a) Mach 6, b) Mach 8 and c) Mach 10. 
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IV. Isp* 
 
 
(a) 
 
 
 
(b) 
 
 
 
0
20
40
60
80
100
120
140
160
F S W E T Tnet
F S W E T Tnet
F S W E T Tnet
Fo
rc
e 
(k
N
)
α=2° α=4° α=6°
D wave
D viscous
D elevons
T boat tail
T internal
T net
0
20
40
60
80
100
120
140
160
F S W E T Tnet
F S W E T Tnet
F S W E T Tnet
Fo
rc
e 
(k
N
)
α=2° α=4° α=6°
D wave
D viscous
D elevons
T boat tail
T internal
T net
175          Appendix  D. SPARTAN Drag and thrust breakdown 
 
 
 
 
 
 
(c) 
 
Figure D.IV.1: Drag and thrust breakdown for the Isp* vehicle at a) Mach 6, b) Mach 8 and c) Mach 10. 
 
V. APM 
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(b) 
 
 
 
(c) 
 
Figure D.V.1: Drag and thrust breakdown for the APM vehicle at a) Mach 6, b) Mach 8 and c) Mach 10. 
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VI. ASAPP 
 
(a) 
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(c) 
 
Figure D.VI.1: Drag and thrust breakdown for the ASAPP vehicle at a) Mach 6, b) Mach 8 and c) Mach 10. 
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E. Optimisation convergence plots 
 
This section contains the optimisation convergence plots for the five optimisation performance 
parameters. The tables contain the seed and final converged values for the seven vehicle geometry 
parameters.  
I. Mach 
Table E.I.1: Vehicle geometry parameters for the Mach optimisation seed and optimised vehicle. 
 F Ca Cp C iW s wcap 
 [deg] [m] [%Lfb] [deg] [deg] [m] [m] 
Seed 4.0 0.262 50.0 14.0 2.0 3.40 0.55 
Final 4.0041 0.3077 50.81 14.0646 1.5275 3.2041 0.5551 
 
 
 
 
 
Figure E.I.1: Optimisation convergence plots for the Mach optimised SPARTAN. 
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II. PLMF 
Table E.II.1: Vehicle geometry parameters for the PLMF optimisation seed and optimised vehicle. 
 F Ca Cp C iW s wcap 
 [deg] [m] [%Lfb] [deg] [deg] [m] [m] 
Seed 6.0 0.000 100.0 9.5 -2.0 4.45 0.75 
Final 6.2886 0.0353 96.56 7.9060 -1.4614 4.2367 0.7459 
 
 
 
Figure E.II.1: Optimisation convergence plots for the PLMF optimised SPARTAN. 
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III. Isp* 
Table E.III.1: Vehicle geometry parameters for the Isp* optimisation seed and optimised vehicle. 
 F Ca Cp C iW s wcap 
 [deg] [m] [%Lfb] [deg] [deg] [m] [m] 
Seed 6.0 0.000 100.0 9.5 0.0 5.50 0.65 
Final 6.5486 0.0762 88.14 7.9500 -0.7422 5.9894 0.7612 
 
 
 
Figure E.III.1: Optimisation convergence plots for the Isp* optimised SPARTAN. 
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IV. APM 
Table E.IV.1: Vehicle geometry parameters for the APM optimisation seed and optimised vehicle. 
 F Ca Cp C iW s wcap 
 [deg] [m] [%Lfb] [deg] [deg] [m] [m] 
Seed 4.0 0.000 100.0 9.5 2.0 5.50 0.65 
Final 4.0343 0.0091 95.95 9.6643 1.7688 5.5430 0.6542 
 
 
Figure E.IV.1: Optimisation convergence plots for the APM optimised SPARTAN. Note: Unlike the other performance 
parameters it was desired to minimise APM.  
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V. ASAPP 
Table E.V.1: Vehicle geometry parameters for the ASAPP optimisation seed and optimised vehicle. 
 F Ca Cp C iW s wcap 
 [deg] [m] [%Lfb] [deg] [deg] [m] [m] 
Seed 4.0 0.131 75.0 9.5 2.0 5.50 0.75 
Final 4.0170 0.1990 82.53 7.6774 1.1091 5.6841 0.7385 
 
 
 
 
 
Figure E.V.1: Optimisation convergence plots for the ASAPP optimised SPARTAN. 
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Appendix F 
 
 
F. Kriging visualisation plots 
 
A Kriging polynomial model was used to aid in visualising the seven dimensional full factorial 
design space results. The following contour plots show the desired performance objective value for 
variations in one design parameter versus another with the remaining design parameters fixed at the 
values obtained for the best resulting vehicle from the FFD study. 
I. Mach 
 
 
 
Figure F.I.1: Design space visualisation using Kriging model. 
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II. PLMF 
 
 
 
Figure F.II.1: Design space visualisation using Kriging model. 
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III. ISP* 
 
 
 
Figure F.III.1: Design space visualisation using Kriging model. 
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IV. APM 
 
 
 
Figure F.IV.1: Design space visualisation using Kriging model. 
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V. ASAPP 
 
 
 
Figure F.I.V: Design space visualisation using Kriging model. 
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